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4. INTRODUCTION

Neurofibromatosis 2 (NF2) is a severe autosomal dominant disorder characterized by
predisposition to a number of different tumors of the central nervous system, particularly
vestibular and spinal schwannomas, and meningiomas. An important feature of NF2 is the
bilateral occurrence of vestibular schwannomas. Similar tumors occur with higher frequency as
sporadic unilateral lesions in the general population. The gene encoding the NF2 tumor
suppressor on chromosome 22q was isolated by positional cloning. The predicted protein
product of this gene showed a strong similarity to a family of cytoskeleton-associated proteins
and was named merlin (for moesin-ezrin-radixin-like protein). We have established that the
NF2 gene is inactivated in vestibular schwannomas and meningiomas. The critical question as to
how the NF2 gene product, merlin, acts as a tumor suppressor largely remains unanswered
because of the limited knowledge of the physiological function of merlin. The purpose of our
research is to define the role of merlin in cellular signaling to actin cytoskeleton mediated
primarily by the Rho family member Rac. Toward this goal we have completely characterized
the interaction of merlin with actin and noted the differences that exist between the two isoforms
of merln. Efforts are underway to place merlin in PDGF induced signaling to the actin
cytoskeleton.

5. BODY
1. Characterization of merlin binding to G-and F-actin

As described in the statement of work, this work is now completed and a manuscript has
been submitted for publication. The results are described briefly here and copies of the
submitted manuscript are appended.

Merlin's homology to ERMs suggests it may possess similar functions, acting as a link
between cytoskeletal components and the cell membrane. The N-terminus of merlin has strong
sequence identity to the N-terminal actin-binding region of ezrin. We therefore undertook a
detailed study to characterize the merlin-actin interaction. We have observed that merlin isoform
1 and 2 differentially bind actin filaments, suggesting that the intramolecular interactions in
isoform 1 may hinder its ability to bind actin. Merlin isoform 2 binds F-actin with an apparent
binding constant of 3.6 uM and a stoichiometry of 1 mole merlin per 11.5 moles of actin in
filaments at saturation and does not bind G-actin. Merlin isoform 2, and the N-terminal domain,
slow actin filament disassembly further demonstrating that merlin binds periodically along F-
actin. Merlin distributes into the cytoskeletal fraction of meningioma cells and immunogold
electron microscopy shows it to be bound on cytoskeletal actin filaments, particularly near their
ends where they intersect with one another at the cortical cytoskeleton. Comparison of these
findings to those reported for ERM proteins reveal a distinct role for merlin in actin filament
dynamics (James et al., manuscript submitted, see appendix). In the coming year as originally
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proposed we will focus on defining the role of merlin in signal transduction pathways involving
small GTPases particularly Rac.

2. NHE-RF interaction with the PDGF receptor

We have identified human NHE-RF as an interactor for merlin and its relatives, moesin and
radixin [1]. NHE-RF was independently isolated as an interactor for ERM proteins which was
named EBP50 (for ERM binding protein 50 kD) [2]. Our recent studies demonstrate that merlin
isoform 2 exhibits stronger interaction for NHE-RF when compared to isoform 1 consistent with
our earlier observation that merlin isoform 2 does not exist in a dormant form, a feature that is
different from merlin isoform 1 and other ERM proteins [3]. NHE-RF possesses two PDZ
domains, known to mediate protein-protein interactions, particularly at the plasma membrane
forming a multiprotein complex involved in cellular signaling. Thus NHE-RF appears to
function as a key adaptor protein linking a variety of ion channles and receptors from the plasma
membrane to the actin cytoskeleton. Based on the consensus motif described for the PDZ1
domain of NHE-RF, we predicted that NHE-RF would interact with the PDGF receptors
PDGFR-A and PDGFR-B. Our ongoing studies clearly suggest that the PDGFR-B is capable of
interacting with NHE-RF (unpublished results). We are currently analyzing the actin
reorganization induced by PDGF in PDGFR null cells derived from knock out mice, in
comparison with cells where either wild type or mutant receptor not capable of interacting with
NHE-RF are expressed. We anticipate that our will establish the involvement of merlin-NHE-
RF interaction in the PDGF induced actin cytoskeleton reorganization.

In addition, in collaboration with other investigators we have established that NHE-RF is
capable of interacting with the B1 subunit of H*ATPase (Breton et al., J. Biol. Chem. 275:
18219, 2000) as well as mammalian Trp4 and Phospholipase C isozymes (Tang et al., J. Biol.
Chem. 2000, in press). Copies of these papers are appended.

3. NHE-RF is upregulated in estrogen receptor positive breast carcinomas

During our analysis of NHE-RF expression in a variety of cell lines derived from human
tumors including breast tumors, ovarian tumors, colon carcinomas and meningiomas we noticed
an upregulation of NHE-RF in a subset of breast cancer cell lines. Interestingly these cell lines
were derived from estrogen positive breast tumors. NHE-RF expression is upregulated in
response to estrogen in estrogen receptor (ER)-positive breast carcinoma cell lines, suggesting
that it may be involved in estrogen signaling. To further understand NHE-RF function and its
possible role in estrogen signaling, we analyzed NHE-RF expression in normal human tissues,
including cycling endometrium, and in breast carcinomas, tissues in which estrogen plays an
important role in regulating cell growth and proliferation. NHE-RF is expressed in many
epithelia, especially in cells specialized in ion transport or absorption, and is often localized to
apical (luminal) membranes. NHE-RF expression varies markedly in proliferative versus
secretory endometrium, with high expression in proliferative (estrogen-stimulated) endometrium.
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Furthermore, ER status and NHE-RF expression correlate closely in breast carcinoma specimens.
These findings support a role for NHE-RF in estrogen signaling. A manuscript detailing this
work is accepted for publication and appended (Stemmer- Rachamimov et al., Amer. J. Pathol. in
press).

To further understand the estrogen mediated regulation of NHE-RF, we are continuing
our efforts to define the critical elements in the NHE-RF gene that are responsible for this
upregulation. Toward this, we have isolated genomic clones encoding NHE-RF gene and further
characterization of the promoter region is underway.

6. KEY RESEARCH ACCOMPLISHMENTS

* Qunatitative characterization of merlin binding actin and functional significance
(manuscript submitted)

* Merlin partner NHE-RF binding to PDGF receptor (unpublished, in progress)

* NHE-RF binding to H+ATPase, mammalian Trp4 and Phospholipase C (J.Biol. Chem.
275, 2000; J. Biol. Chem. in press)

* Upregulation of NHE-RF expression in estrogen receptor positive breast carcinomas
(Amer J. Pathol. in press)

7. REPORTABLE OUTCOME
Manuscripts:

Breton S, Wiederhold T, Marshansky V, Nsumu N, Ramesh V, Brown D. (2000) The B1 subunit
of the H*'ATPase is a PDZ-domain binding protein: colocalization with NHE-RF in renal B-
intercalated cells. J. Biol. Chem. 275, 18219-18224.

Tang Y, Tang J, Chen Z, Trost C, Flockerzi V, Li M, Ramesh V, and Zhu M. (2000) Association
of mammalian Trp4 and phospholipase C isozyme with a PDZ domain-containing protein, NHE-

RF. J. Biol. Chem. (in press).

Stemmer-Rachamimov A, Wiederhold T, Nielsen P, James M, Pinney-Michalowski D, Roy JE,
Cohen WA, Ramesh V and Louis D. (2000) NHE-RF, a merlin interacting protein is primarily
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expressed in luminal epithelia, proliferative endometrium and estrogen receptor-positive breast
carcinomas. Amer. J. Pathol. (in press).

James M, Manchanda N, Gonzalez-Agosti C, Hartwig J, and Ramesh V. (2000) Merlin
selectively binds F- but not G-actin, and stabilizes the filaments through a lateral association.
Submitted.

Presentation:

Part of the work was presented at the NNFF international consortium for the molecular biology
of NF1 and NF2 held at Aspen, Colorado in June 2000.

8. CONCLUSION

We strongly believe that merlin is a player in the Rho/Rac mediated signaling to actin
cytoskeleton. We have completed the studies that we proposed to finish in the first year (as
mentioned in the statement of work) and well on our way with other proposed experiments that
include NHE-RF interaction with PDGFR and to understand the involvement of merlin in
cellular signaling cascade to the cytoskeletal network. We do not anticipate any major changes
in the original proposed work. However, since NHE-RF is clearly regulated by estrogen and
upregulated in estrogen receptor (ER) positive breast cancer, we will identify the elements that
are necessary for this upregulation in ER positive breast tumors. We expect that the results
generated will provide new directions to follow to further define the role of NHE-RF in estrogen
signaling.
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The 56-kDa B1 subunit of the vacuolar H*ATPase has
a C-terminal DTAL amino acid motif typical of PDZ-
binding proteins that associate with the PDZ protein,
NHE-RF (Na*/H* exchanger regulatory factor). This B1
isoform is amplified in renal intercalated cells, which
play a role in distal urinary acid-base transport. In con-
trast, proximal tubules express the B2 isoform that lacks
the C-terminal PDZ-binding motif. Both the Bl 56-kDa
subunit and the 31-kDa (E) subunit of the H*ATPase are
pulled down by glutathione S-transferase NHE-RF
bound to GSH-Sepharose beads. These subunits associ-
ate in vivo as part of the cytoplasmic V1 portion of the
H*ATPase, and the E subunit was co-immunoprecipi-
tated from rat kidney cytosol with NHE-RF antibodies.
The interaction of H*ATPase subunits with NHE-RF
was inhibited by a peptide derived from the C terminus
of the Bl but not the B2 isoform. NHE-RF colocalized
with H*ATPase in either the apical or the basolateral
region of B-type intercalated cells, whereas NHE-RF
staining was undetectable in A-intercalated cells. In
proximal tubules, NHE-RF was located in the apical
brush border. In contrast, H*ATPase was concentrated
in a distinct membrane domain at the base of the brush
border, from which NHE-RF was absent, consistent with
the expression of the truncated B2 subunit isoform in
this tubule segment. The colocalization of NHE-RF and
H*ATPase in B- but not A-intercalated cells suggests a
role in generating, maintaining, or modulating the vari-
able H*ATPase polarity that characterizes the B-cell
phenotype.

Membrane transport proteins are directed toward and in-
serted into specific cell surface domains by an elaborate series
of sorting mechanisms (1). A relatively recent development in
understanding how some of these proteins are concentrated
into functionally differentiated regions of the plasma mem-
brane has been the discovery of the so-called PDZ domain
family of proteins and associated PDZ-binding proteins. Named

* This work was supported by National Institutes of Health Grants
DK38452 (to S. B.), DK42956 (to D. B.), and NS24279 (to V. R.) and by
aU.S. Army grant (to V. R.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
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U.S.C. Section 1734 solely to indicate this fact.

9 Supported by a Massachusetts General Hospital Claflin Distin-
guished Fellowship. To whom correspondence should be addressed:
Renal Unit and Program in Membrane Biology, Massachusetts General
Hospital East, 149 18" St., Charlestown, MA 02129. Tel.: 617-726-
5785; Fax: 617-726-5669; E-mail: sbreton@receptor.mgh.harvard.edu.

** Supported by a Gottlieb Daimler and Karl Benzs Predoctoral
Fellowship.

This paper is available on line at http://www.jbc.org

after the initial three members of the family (PSD-95, Drosoph-
ila discs large protein, and ZO-1), PDZ proteins contain 80-
100-amino acid stretches that allow them to interact with other
proteins that have a four amino acid PDZ-binding cassette,
usually at the extreme C terminus of the cytoplasmic domain
(2). One such PDZ-binding cassette is the amino acid sequence
D(S/T)XL. Thus, putative PDZ-binding proteins can be identi-
fied by screening their amino acid sequence for these concensus
cassettes. Among the many proteins identified so far are the
cystic fibrosis transmembrane conductance regulator (3), the
B,-adrenergic receptor (4), neuronal nitric-oxide synthase (5),
GLUT1 (6), and some potassium channels (7-9). One PDZ
protein to which the cystic fibrosis transmembrane conduct-
ance regulator (10), the B,-adrenergic receptor, and P2Y1 re-
ceptor (4) bind is the Na*/H* exchanger regulatory factor,
NHE-RF, originally identified in rabbit kidney as a soluble
factor that participates in the regulation of the NHE-3 Na*/H"*
exchanger at the apical pole of proximal tubule epithelial cells
(11, 12). NHE-RF also binds to the ERM family of actin-binding
proteins via its C terminus outside the PDZ-binding motif (13,
14), thus potentially linking many ion channel and receptors to
the actin cytoskeleton. Furthermore, NHE-RF has been re-
ported to interact with the Na*/HCOj co-transporter, a baso-
lateral protein in proximal tubules (15).

The B1 (56-kDa) subunit of the vacuolar proton-pumping
ATPase (H* ATPase) has a C-terminal DTAL motif, which sug-
gests that it is a candidate PDZ-binding protein. This subunit
of the H*ATPase is expressed in several tissues, but it is
strongly amplified in specialized proton-translocating interca-
lated cells in the kidney (16), as well as similar cells in the
epididymis (17). In contrast, a highly homologous 56-kDa iso-
form, the B2 isoform, is expressed in the kidney proximal
tubule, but it has a C-terminal truncation and lacks the termi-
nal PDZ-binding cassette (16). Most if not all of the PDZ-
binding proteins so-far reported are transmembrane proteins,
but the B1 H* ATPase subunit is part of the V1 portion of the
holo-enzyme and has no membrane spanning domain. It is
tethered to the membrane by interaction with other subunits of
the enzyme, some of which span the lipid bilayer (18). Further-
more, multi-subunit complexes consisting of the cytoplasmic
portion of the H*ATPase can exist as free, cytosolic entities
(18).

In kidney cortex, intercalated cells show a complex regula-
tion of H*ATPase expression at the cell surface (19), and sub-
populations of these cells with apical, basolateral, diffuse, or
even bipolar H* ATPase localization can be detected by immu-
nocytochemistry (20). A-cells always have H"ATPase at their
apical pole and the C1/HCO; exchanger AE1 at their basolat-
eral pole (21). These cells secrete protons into the tubule lu-
men. B-cells have no detectable AE1 in either plasma mem-
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brane domain, but the H* ATPase can be apical, basolateral, or
bipolar in these AEl-negative cells. Cells with basolateral
H*ATPase are bicarbonate-secreting cells. Although systemic
acidosis results in more intercalated cells having apical
H*ATPase, and alkalosis shifts more cells to a basolateral
pattern of localization (22, 23), the cell biological mechanisms
underlying these dramatic shifts in the polarized expression of
a membrane protein remain unknown in situ. In this report, we
show that the 56-kDa B1 subunit of the proton pump is a
PDZ-binding protein that can associate with NHE-RF and that
NHE-RF colocalizes with the H* ATPase in all B-intercalated
cells, wherever the pump is located within any individual cell.
We propose that the interaction of this subunit of the proton
pump with NHE-RF could be responsible for the anchoring
and/or targeting of membrane-associated H* ATPase molecules
in this cell type. NHE-RF was barely detectable in A-type
intercalated cells. In contrast, NHE-RF was abundant in the
proximal tubule brush border, but its intracellular location was
clearly distinct from that of the H* ATPase in these cells.

EXPERIMENTAL PROCEDURES

Animals—Male Harlan Sprague-Dawley rats were anesthetized with
sodium pentobarbital (Nembutal, 0.1 ml of a 50 mg/ml solution/100 g of
body weight), and kidneys were fixed by perfusion through the abdom-
inal aorta with a fixative containing 4% paraformaldehyde, 10 mMm
sodium periodate, 70 mMm lysine (PLP), and 5% sucrose as described
previously (24, 25). After 5 min of perfusion, kidneys were removed,
sliced, and fixed by immersion for a further 6 h before rinsing and
storage in PBS! (10 mM sodium phosphate buffer containing 0.9% NaCl,
pH 7.4). For preparation of 4-um sections, tissues were cryoprotected in
30% sucrose before sectioning with a Reichert Frigocut microtome using
disposable knives.

Immunostaining—Tissue sections picked up on Fisher Superfrost
Plus slides (Fisher Scientific) were rinsed for 10 min in PBS and then
treated with 1% SDS for 5 min. This step augments antigenicity of
many proteins in frozen sections of PLP-fixed tissues, as described
previously (26). After three more rinses (5 min each) in PBS to remove
the SDS, sections were incubated for 20 min in PBS/1% bovine serum
albumin to block nonspecific background staining. Primary anti-
NHE-RF antibody (affinity purified rabbit polyclonal antibody I1C270
raised against GST-NHE-RF fusion protein amino acids 270-358) was
applied for 2 h at room temperature at a dilution of 1:4. This antibody
has been characterized previously (27). After washing twice for 5 min in
high salt PBS (PBS containing 2.7% NaCl) to reduce nonspecific stain-
ing and one further washing for 5 min in normal PBS, secondary
anti-rabbit antibodies (diluted 1:800) coupled to CY3 (Jackson Immu-
nologicals) were applied for 60 min. After further washing as above,
sections were mounted in Vectashield anti-fading solution (Vector
Labs., Burlinghame, CA), diluted 1:1 in 0.1 M Tris-HCI, pH 8.0.

Some sections were double-stained with anti-H*ATPase antibodies
to identify the cells that were positive for NHE-RF in the collecting
duct. After application of the anti-NHE-RF antibody followed by sec-
ondary antibody coupled to CY3, an affinity purified chicken polyclonal
antibody against the 31-kDa E subunit of the H*ATPase (a marker of A-
and B-intercalated cells, diluted 1:40) was applied for 2 h, followed by a
donkey anti-chicken IgG coupled to FITC, diluted 1:200 (Jackson Im-
munologicals). Sections were mounted in Vectashield diluted 1:1in 0.1
M Tris-HCI, pH 8.0.

Some sections were double stained using a rabbit anti-AE1 C17/
HCOj5 exchanger antibody that has been previously characterized (28).
Because this antibody is also raised in rabbit, an amplification proce-
dure was used to allow staining of sections with two primary antibodies
raised in the same species. Briefly, the first primary, anti-AE1, was
applied at a dilution of 1:32,000, a concentration that is too low to be
detected by conventional application of a fluorescent secondary anti-
body, as determined in preliminary experiments. The dilute AE1 anti-
body was detected using a tyramide amplification kit (NEN Life Science
Products) with tyramide-CY3 as a fluorescent reagent, according to the
manufacturer’s instructions. The sections were then incubated conven-
tionally with anti-NHE-RF and secondary goat anti-rabbit FITC as

1 The abbreviations used are: PBS, phosphate-buffered saline; GST,
glutathione S-transferase; FITC, fluorescein isothiocyanate; PAGE,
polyacrylamide gel electrophoresis.

described above. No cross-reactivity between the two sets of reagents
was detectable under these conditions. Sections were photographed in
color on Kodak Ektachrome 400 Elite film exposed at 2500 ASA using
a Nikon Eclipse 800 epifluorescence microscope equipped with specific
CY3 and FITC filter combinations. Using the specific CY3 filter combi-
nation and analog photography, CY3 emission appears yellow (see Fig.
1, A and C). Some micrographs were prepared from digital images
captured from the Nikon Eclipse 800 using a Hamamatsu Orca digital
camera. Pseudocolored images were merged using IP Lab Spectrum
software (Scanalytics Inc, Vianna). In these images, CY3 fluorescence
appears red, and FITC is green (see Fig. 2). Control incubations were
performed in which the primary NHE-RF antibody was incubated with
the GST-NHE-RF fusion protein (at a final concentration of 0.2 mg/ml)
for 1 h at room temperature prior to applying the antibody to the
sections.

Preparation of Rat Kidney Inner Stripe Cytosol—Kidneys of anesthe-
tized rats were perfused with cold PBS for 1-2 min to remove blood, and
the inner stripe was separated under a dissecting microscope. Pieces of
inner stripe (0.4 g) were homogenized in 2 ml of homogenization buffer
(0.25 M sucrose, 1 mM EDTA, 10 mM Tris-HCI, pH 7.4, with Complete™,
Roche Molecular Biochemicals, mixture of protease inhibitors) using a
Wheaton glass potter fitted with a Teflon pestle (20 complete strokes).
Rat kidney inner stripe cytosol was prepared by centrifugation of the
homogenate for 1 h at 100,000 X g (41,000 rpm) using a Beckman,
TL-100 Ultracentrifuge equipped with a TLA 55 rotor. Protein concen-
tration of cytosol was measured with the Pierce BCA protein assay
reagent using albumin as a standard.

Affinity Precipitation and Peptide Competition Assay—Pull-down ex-
periments were performed essentially as described previously (27) with
minor modifications. Briefly, rat kidney inner stripe cytosol (0.4 mg of
total protein) was incubated overnight at 4 *°C with 600 pmol of GST-
NHERF or GST alone as a control immobilized on GSH-Sepharose 4B
beads. For the peptide competition assay, peptides B1 (PQDTEADTAL)
and B2 (EFYPRDSAKH) were dissolved in distilled water, and 300 ug
of peptide were preincubated with the GST-NHE-RF beads for 1 h at
4 °C. Cytosol containing 300 pg of peptide was then added to the beads,
and the mixture was incubated overnight at 4 °C. The beads were then
washed extensively with phosphate-buffered saline containing Pefabloc
and resuspended in Laemmli sample buffer for SDS-PAGE.

Immunoprecipitation Assay—Rat kidney cytosol was prepared as for
the pull-down assay, except that cytosol from the entire cortex and
outer medulla was used to ensure that adequate amounts of NHE-RF
were present in the preparation. NHE-RF was immunoprecipitated
from 500 ul (2.8 mg of total protein) of precleared (by preincubation
with protein A-agarose beads alone) cytosol using 10 ul of anti-NHE-RF
antiserum (IC270 serum or IC270 preimmune serum) and 50 ul of
protein A-agarose beads (Roche Molecular Biochemicals). Immunopre-
cipitates were washed extensively with PBS and eluted by boiling in
SDS sample buffer (as for the pull-down assay). The immunoprecipi-
tates were run on SDS-PAGE and blotted using a monoclonal anti-E
subunit antibody (E11) as described below.

SDS-PAGE and Western Blot Analysis—Electrophoresis was per-
formed using 12% SDS-Tris-glycine-PAGE gels. Proteins were trans-
ferred to polyvinylidene difluoride membranes and analyzed by West-
ern blotting. The following antibodies were used as detailed in the
figure legends: affinity-purified chicken polyclonal anti-E H*ATPase
subunit (1:1,000) and affinity-purified rabbit polyclonal anti-Bl
H*ATPase subunit (1:1,000), raised against the bovine subunits, and a
monoclonal anti-E subunit antibody (E11) kindly provided by Dr.
Steven Gluck (University of Florida, Gainesville). Images were scanned
and analyzed with NIH Image (version 1.62) software.

RESULTS

Localization of NHE-RF in the Kidney—NHE-RF was local-
ized in the kidney on PLP-fixed cryostat sections that had been
treated with SDS. As expected from the reported distribution of
NHE-3 (29), by far the greatest amount of NHE-RF was found
in proximal tubules. The entire brush border was strongly
stained in all proximal tubule segments (Fig. 1, A and C). In
addition, however, staining was seen in some cells of the cor-
tical collecting ducts and connecting segments (Fig. 1, A and C).
The extent and intracellular location of this staining was vari-
able, with some cells showing distinct basolateral staining (Fig.
1A), others showing a more diffuse cytoplasmic staining (Fig.
1C), and yet others showing apical staining (Fig. 1C). These
cells were identified as intercalated cells by double incubations
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FIG. 1. Sections of rat kidney cortex double stained for NHE-RH &nd C) and the 31-kDa subunit of the HATPase (B and D) The
brush border is strongly stained in all proximal tubules. Some cells of the collecting ducts (CD) and connecting segments (CNT) are also stained.
Different patterns of NHE-RF staining are detected, and the staining overlaps with that of the H* ATPase in intercalated cells. Some cells have
basolateral staining (1), some have diffuse cytoplasmic staining (2), some have apical staining (3), and others have little or no NHE-RF staining
but show apical H* ATPase staining (4). In connecting segments (CNT), all cells have strong H*ATPase staining, as described previously (30), but
only a few of these are clearly NHE-RF-positive. The staining in A and C, which represent single exposures of the NHE-RF staining, appears yellow
because of the use of a highly specific filter combination used for the CY3 fluorophore. Cy3 emission is yellow when the correct filter combination

is used. Bar, 15 pm.

using a chicken polyclonal antibody against the 31-kDa (E)
subunit of the H* ATPase (Fig. 1, B and D). We have previously
shown that the three major subunits of the cytoplasmic domain
of this enzyme colocalize in intercalated cells (30). Thus, the E
subunit is a reliable marker for the entire cytoplasmic domain
of the H* ATPase, which also contains the 56 B kDa subunit. In
these double-stained sections, the NHE-RF staining colocalized
with the H*ATPase staining in intercalated cells, whereas
connecting tubule cells that also contain the H* ATPase do not
express detectable levels of NHE-RF (Fig. 1, C and D). How-
ever, in some intercalated cells, apical H* ATPase staining was
seen with no detectable NHE-RF staining (Fig. 1A). Principal
cells in some tubule segments showed a faint, finely granular
staining in the cytoplasm that was much less intense than in
the adjacent intercalated cells.

To distinguish between A- and B-intercalated cells, anti-AE1
antibodies, which label only A-cells (21), were used in conjunc-
tion with anti-NHE-RF antibodies. All cells with distinct api-
cal, diffuse, or basolateral NHE-RF staining were negative for
AE1 (Fig. 2). Furthermore, only A-intercalated cells are found
in the inner stripe of the outer medulla, and these cells showed
no detectable staining with the NHE-RF antibody (not shown).
Thus, NHE-RF is most highly expressed in B-intercalated cells,
and its variable intracellular localization pattern overlaps with
that of the H* ATPase in each individual B-cell in the cortical
collecting duct and connecting segment.

In proximal tubules, NHE-RF was present in the brush bor-
der (Fig. 3), as predicted from previous studies that showed
abundant NHE-3 in this location (11, 29). However, the
H*ATPase staining was, as we have previously described (30),
the most concentrated in a tight subapical band at the base of
the brush border. This subapical domain, showing intense

B
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FiG. 2. Double staining of rat kidney cortex collecting ducts

with antibodies against NHE-RF green) and AEL (red) .The red
AE1 staining is basolateral in all A-intercalated cells. These cells do not
stain for NHE-RF. In A, two cells with apical NHE-RF staining are
found alongside an A-intercalated cell with basolateral AE1 staining. In
B, two cells with basolateral NHE-RF staining are found in the same
tubule as A-intercalated cells with basolateral AE1. Other cells are
negative for both antigens. C shows a collecting duct with a mixture of
AE1 positive/NHE-RF negative A-intercalated cells and NHE-RF-posi-
tive/AE1-negative B-intercalated cells. A small amount of punctate
NHE-RF staining is seen in cells that are probably principal cells. In
these merged digital images, CY3 staining is pseudocolored red to allow
it to be more readily distinguished from the adjacent green FITC stain-
ing. Bar, 10 pm.
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FiG. 3. Proximal tubule from rat kidney cortex showing the
distribution of NHE-RF Xed) on the brush border microvilli,
and the H *ATPase (31-kDa subunit;green) on submicrovillar
vesicles and invagination®he two proteins are not co-localized in
this S3 tubule segment. A differential interference contrast image is
shown in the lower panel for orientation purposes. Bar, 10 pm.

H*ATPase staining in the S3 segment, did not contain detect-
able levels of NHE-RF (Fig. 8). This is consistent with the
known expression of the C-terminally truncated B2 isoform of
the 56-kDa subunit in these cells, which lacks the DTAL PDZ-
binding motif (16). NHE-RF was not detected in the basolateral
domain of proximal tubules.

To determine the specificity of labeling with anti-NHE-RF
antibodies in kidney cortex, parallel incubations were per-
formed with normal anti-NHE-RF antibody and with antibody
that had been preincubated with 0.2 mg/ml of the GST-
NHE-RF fusion protein that was used as an immunogen. The
results show that the proximal tubule staining, as well as the
apical, basolateral, and bipolar intercalated cell staining were
completely abolished by preincubation with the immunizing
fusion protein (Fig. 4).

Binding of Soluble H* ATPase Complexes to a GST-NHE-RF
Affinity Matrix—Sepharose beads to which a GST-NHE-RF
fusion protein was bound were used as an affinity matrix to

Association of H*ATPase and NHE-RF in B-intercalated Cells

renal cortexUnder normal incubation conditions (A), NHE-RF stains
the brush border of proximal tubules, as well as intercalated cells in
variable patterns (apical, basolateral, and bipolar). This staining is
completely inhibited by preincubation of the NHE-RF antibody with the
immunizing GST-NHE-RF fusion protein (B). Bar, 10 pm.

extract potential binding proteins from renal medullary cy-
tosol. A cytosolic preparation from the inner medulla was used
for these experiments because (a) kidney cytosol contains large
amounts of free cytosolic H*ATPase subunits (Fig. 54, Cy-
tosol), (b) this kidney region contains high levels of the B1-
H*ATPase isoform, located in A-type intercalated cells, and (c)
this region contains no proximal tubules, which express abun-
dant endogenous NHE-RF that could potentially compete with
protein binding to the affinity matrix. Under these conditions,
Western blots of the affinity-purified material bound to the
beads showed that both the Bl and the E subunits of the
H*ATPase were present (Fig. 5A). Control experiments using
the matrix with GST alone showed little or no H*ATPase
subunit antigenicity associated with the beads in the absence of
NHE-RF, indicating the specificity of the association. The bind-
ing of H*ATPase to the NHE-RF-GST affinity matrix was
completely inhibited by incubation of the beads with an 11-
amino acid C-terminal peptide derived from the B1 H*ATPase
subunit, which contains the C-terminal motif DTAL (PQD-
TEADTAL). However, binding was not inhibited by preincuba-
tion with a peptide containing the 11 C-terminal amino acids of
the B2 56-kDa subunit isoform (EFYPRDSAKH), which does
not contain the PDZ-binding motif (Fig. 5B).

Co-immunoprecipitation of NHE-RF and the H*ATPase—to
strengthen the evidence for an in vivo interaction between
NHE-RF and the H*ATPase, evidence for co-immunoprecipi-
tation of the two proteins from rat kidney cytosol was sought.
As shown in Fig. 5C, the E subunit of the H*ATPase was
co-immunoprecipitated from kidney cytosol by the anti-
NHE-RF antibody but not by preimmune serum.

DISCUSSION

The present data show that the 56-kDa B1 subunit isoform of
the H*ATPase is a PDZ-binding protein that allows association
of the cytosolic (V1) portion of the H*ATPase with NHE-RF, a
PDZ protein that is expressed in the kidney. Immunolocaliza-
tion indicates that in the collecting duct and connecting seg-
ment, this association occurs in a specialized subtype of inter-
calated cell, the B-cell, which has a highly variable pattern of
intracellular localization of the H* ATPase (19-21, 23). Other

FiG. 4. Control for the specificity of NHE-RF staining in rat
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FIG. 5. Results of the GST-NHE-RF pull down assay and co-
immunoprecipitation.A shows that both the Bl and the E
H*ATPase subunits are pulled down by GST-NHERF beads, but not by
beads coupled to GST alone. B shows that the ability of the GST-
NHERF beads to pull down the H*ATPase (in this case the E subunit)
is completely inhibited by a peptide derived from the B1 H*ATPase
subunit (which contains the DTAL motif) but is not competed away by
the B2 subunit peptide. C shows that the E subunit of the H*ATPase is
co-immunoprecipitated by anti-NHE-RF antibodies but not by preim-
mune serum. In all of these blots, the E subunit runs slightly higher
than the predicted 81-kDa molecular mass for this subunit. IP,
immunoprecipitate.

collecting duct cell types, including principal cells and A-inter-
calated cells, showed a very low level of staining. The greatest
amount of NHE-RF staining was observed, as expected in prox-
imal tubules, but some thin limbs of Henle in the medulla were
also strongly stained (not shown).

Especially intriguing is the failure to detect NHE-RF in
A-type intercalated cells, which also contain high levels of the
B1.H*ATPase subunit but which always have an apical stain-
ing for this protein, either on the plasma membrane or on
numerous subapical vesicles. Thus, NHE-RF expression is am-
plified in the AEl-negative B-cell population, in which the
pattern of H* ATPase localization is widely variable. This re-
sult suggests that the B-cell represents a distinct cell type with
respect to NHE-RF expression and that NHE-RF could be
involved in generating and/or maintaining apical and basolat-
eral H*ATPase polarity in B-cells. Because A-cells, which in-
sert H*ATPase uniquely into the apical domain, contain little
or no detectable NHE-RF, we conclude that NHE-RF is in some
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way involved in the ability of B-cells to display plasticity of
membrane H* ATPase insertion. This could occur via the asso-
ciation of NHE-RF with merlin and/or ezrin, members of the
ERM (ezrin, radixin, moesin) family of actin binding proteins,
which bind to the C-terminal of NHE-RF (27, 31). Other fac-
tors, including an extracellular matrix protein named hensin,
have also been implicated in generating the plasticity of the
intercalated cell phenotype at least in vitro (19, 32). An addi-
tional interesting finding is that both the B1 and B2 subunits
of the H*ATPase are capable of binding actin directly via their
N-terminal domains (83). Thus, it is possible that the
H*ATPase interacts with the actin cytoskeleton both directly
and indirectly (via NHE-RF). The respective roles and the
regulation of these two mechanisms of interaction now need to
be evaluated in different cell types. Indeed, phosphorylation of
NHE-RF has been shown to disrupt the indirect interaction of
the B,-adrenegric receptor with the actin cytoskeleton and to
affect the endocytic sorting of this receptor (34).

Although antibodies against all of the H* ATPase subunits
were not utilized in this study, at least two major cytosolic
subunits associated with the NHE-RF-GST beads in an affinity
binding assay, and the E (31 kDa) subunit of the H*ATPase
was co-immunoprecipitated from rat kidney cytosol by anti-
NHE-RF antibodies. Because of interference from the rabbit-
derived polyclonal NHE-RF IgG used for immunoprecipitation,
we were unable to determine whether the 56-kDa H* ATPase
subunit was also co-immunoprecipitated from these samples.
In addition, our data show that a peptide derived from the C
terminus of the B1 56-kDa subunit isoform, but not from the B2
isoform, inhibits interaction of the H* ATPase with NHE-RF.
Coupled with previous data showing that preassembled
H*ATPase cytoplasmic domains exist in the cytosol (18), our
data suggest that the cytosolic portion of the H* ATPase can
bind NHE-RF via a specific interaction with the C-terminal
DTAL motif that is unique to the B1 subunit. Furthermore, our
data provide some evidence that the interaction occurs via the
C-terminal domain of the 56-kDa subunit, because the rest of
the protein sequence of these two isoforms is similar except for
a short N-terminal sequence difference (16, 35). It is likely that
when this 56-kDa subunit is assembled in a membrane to-
gether with the transmembrane portion of the H* ATPase (the
Vo sector), the entire H*ATPase assembly could thereby be
coupled to NHE-RF and thus be anchored into a selected mem-
brane domain. However, it is interesting that this domain can
be either the apical or the basolateral domain in the B-inter-
calated cell. It has been stated recently that NHE-RF expres-
sion is restricted to the apical domain of epithelial cells (36),
but this is clearly not the case in B-intercalated cells. Thus,
NHE-RF may not determine the polarity of H* ATPase expres-
sion per se, but NHE-RF might stabilize the complex once it has
reached its target membrane. In other cell types, NHE-RF
appears to stabilize the cystic fibrosis transmembrane conduct-
ance regulator in the apical plasma membrane (3), whereas in
Caenorhabditis elegans, PDZ proteins have been proposed to be
involved in basolateral anchoring and/or targeting of a TGF-B
homolog (37). Recently, a Drosophila PDZ protein, discs lost,
was also reported to have a dual role in maintaining apical and
basolateral epithelial cell polarity (38). However, the diffuse,
intracellular pattern of NHE-RF and H*ATPase localization
seen in some B-intercalated cells raises the possibility that
NHE-RF might participate in the trafficking or targeting of the
H*ATPase. Whether PDZ proteins are involved in anchoring,
targeting, or both processes remains to be determined, but our
results clearly indicate that this process is not unidirectional
(i.e. exclusively apical) in every cell type.

In the proximal tubule, NHE-RF is abundant and is colocal-
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ized with NHE-3 in the apical brush border (data not shown).
This scaffolding interaction is probably responsible for main-
taining NHE-3 at a high concentration in the apical membrane
(29). The B subunit of the H* ATPase that is expressed in this
tubule segment lacks the C-terminal DTAL and should be
incapable of interacting with PDZ domain proteins (16). Immu-
nofluorescence shows that the H*ATPase is not colocalized
with NHE-RF at the apical pole of proximal tubules. Because
H*ATPase is involved in the extensive apical membrane endo-
cytosis and recycling that occurs in proximal tubules (1), it may
be advantageous for this cell type to express an isoform of
the H* ATPase B subunit that cannot interact with NHE-RF at
the apical membrane. Such an interaction would anchor the
H*ATPase in the plasma membrane by cross-linking to the
NHE-3/NHE-RF complex and might hinder the endocytotic
recycling of this protein, leading to failure of the endosomal
acidification process and defective recycling of apical mem-
brane proteins.

We have previously reported that the 56-kDa B1 subunit of
the H*ATPase is present on endosomes in the other collecting
duct cell type, the principal cell (39). These endosomes are
involved in recycling the water channel AQP2, they do not
acidify their lumen, and they lack other subunits of the
H*ATPase (39). We postulated that the 56-kDa subunit might
be a promiscuous subunit that could associate with the mem-
branes of these endosomes via another, as yet unidentified
mechanism. This mechanism can now be envisaged to occur via
the PDZ-binding domain, although principal cells were only
weakly stained with the anti-NHE-RF antibody. Thus, it is
possible that in principal cells, a different PDZ protein such as
the NHE-RF related NHE-RF2 (3) might be associated with the
§56-kDa H*ATPase B1 subunit.

In summary, we have shown that the B1 subunit isoform of
the H*ATPase is a PDZ-binding protein that associates with
NHE-RF and may therefore be responsible for linking the
H*ATPase to the cytoskeleton in these cells. The two proteins
are colocalized in B-intercalated cells but not in A-cells, sug-
gesting a role in generating, maintaining, or modulating the
B-cell phenotype. NHE-RF and H* ATPase are not colocalized
in proximal tubules, which express a truncated B2 subunit
isoform of the H*ATPase that lacks the PDZ-binding domain.
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Summary:

Mammalian homologues of Drosophila Trp have been implicated to form channels that
are activated following the depletion of Ca®" from internal stores. Recent studies indicate that
actin redistribution is required for the activation of these channels. Here we show that murine
Trp4 and Trp5, as well as phospholipase C B1 and B2 interact with the first PDZ domain of
NHEREF, regulatory factor of the Na'/H" exchanger. We demonstrated the association of Trp4
and phospholipase C-B1 with NHERF in vivo in an HEK 293 cell line expressing Trp4 and in
adult mouse brain by immunocoprecipitation. NHERF is a two PDZ domain-containing protein
that associates with the actin cytoskeleton via interactions with members of ezrin/radixin/moesin
family. Thus, store-operated channels involving Trp4 and Trp5 can form signaling complexes
with phospholipase C isozymes via interactions with NHERF and thereby linking the lipase and
the channels to the actin cytoskeleton. The interaction with the PDZ protein may constitute an

important mechanism for distribution and regulation of store-operated channels.
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Introduction
Ca®" plays very important roles in regulating cell functions ranging from contraction and

secretion to proliferation and differentiation. In many cells, stimulation of phospholipase C
(PLC) by cell surface receptors is accompanied by an increase in intracellular Ca®*
concentrations. This occurs via Ca®* release from internal stores and Ca’* influx from
extracellular space (/,2). While the mechanism of Ca** release from the endoplasmic reticulum
(ER) is well understood, the channel(s) and mechanism(s) that mediate Ca?" influx remain to be
elucidated. It is currently believed that most, if not all, Ca®! influx is mediated through a set of
plasma membrane (PM) Ca’*-permeable channels that open in response to internal Ca’* store
depletion (3,4). These channels are referred to as store-operated channels (SOCs). Molecular
cloning and functional expression have revealed that the products of the Drosophila transient
receptor potential (trp) gene as well as a number of its mammalian homologues form SOCs (5-
11). Other Trp homologues form Ca®*-permeable cation channels that do not appear to be store-
operated (12-16), as they do not respond to treatment by thapsigargin, an intracellular Ca®*-
ATPase inhibitor that induces passive store-depletion by preventing the reuptake of Ca® to the
ER. However, in all cases, the Trp-formed channels are activated by signaling events down-
stream from receptor activation and PLC stimulation. Moreover, a store depletion-insensitive
Trp subunit may heteromultimerize with a store depletion-sensitive Trp to form a SOC (17, 18).
Therefore, store-operated Ca®* influx is most likely mediated by channels formed by Trp
proteins.

In Drosophila eyes, Trp is organized in a supramolecular complex along with other
phototransduction proteins, such as PLC and protein kinase C (PKC), through association with a

multi-PDZ domain containing protein, INAD (inactivation no after potential D) (/9-21). PDZ
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domains were first identified as 80 ~100 amino acid repeated sequences in the neuron-specific
post-synaptic density protein (PSD-95/SAP-90), the Drosophila septate junction protein disk-
large (dlg) and the epithelial tight-junction protein zona occludens-1 (ZO1) (22). Growing
evidence suggests that these domains are important protein-protein interaction sites for clustering
and organization of signaling molecules, particularly those involved in ion transport (22-24).
INAD contains five PDZ domains, each of which interacts with a particular target protein and
thus serves as a scaffold to bring PLC, Trp, PKC and G protein together in a signaling complex.
Although INAD is not directly involved in transmitting the signal of light perception, it plays a
critical role in localizing PLC and Trp at the proper sites of the rhabdomere of Drosophila
photoreceptors (19,20). Since PLC-mediated signaling in mammals is very similar to
phototransduction cascade of insects, an INAD-like scaffold may exist in mammalian cells.
Although several multi-PDZ domain-containing proteins distantly related to INAD have been
cloned from human and rodents (25-27), none has been shown to interact with mammalian Trp
or PLC.

The interaction between a target protein and a specific PDZ domain is often determined
by the last three C-terminal residues of the target (28). Because the C-terminal sequences of
mammalian Trps are very different from their Drosophila counterpart and also very diverse
among themselves (Fig. 1a), each Trp may bind to different PDZ domains and the PDZ domains
that bind to the mammalian Trps may be quite different from that of INAD. Here we show that
murine Trp4 (mTrp4) and Trp5 bind to the first PDZ domain of the Na'™-H" exchanger regulatory
factor (NHERF). We additionally show that the same PDZ domain binds to the C-termini of
PLCB1 and PLCP2, indicating that NHERF is capable of bringing together the signaling

molecules involved in the PLC-mediated pathway in mammalian cells and therefore, may play a
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role similar to that of INAD in insect phototransduction. We demonstrate the physical
association of PLCB1, Trp4 and NHERF in an HEK 293 cell line stably expressing mTrp4 and in

adult mouse brain by immunocoprecipitation experiments.

Experimental Procedures

Materials: Phenylmethanesulfonyl fluoride, benzamide, aprotinin, soybean trypsin inhibitor,
and leupeptin were purchased from Sigma. Nitrocellulose membranes and protein markers were
purchased from Bio-Rad. Protein A-Sepharose (4 Fast Flow), glutathione Sepharose 4B, and
Enhanced Chemiluminescence (ECL) detection system were purchased from
Amersham/Pharmacia Biotech. TNT (transcription and translation) coupled rabbit reticulocyte
lysate system was from Promega. 35S-expressed protein labeling mix (11 Ci/Liter) was from
NEN Life Science Products. Lubrol and IGEPAL were obtained from ICN Biochemicals.
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum, penicillin/streptomycin,
trypsin-EDTA were purchased from Life Technologies. All other chemicals were from Fisher

Scientifics.

Antibodies: The rabbit polyclonal anti-NHERF antibody IC270 was raised against the C-
terminal synthetic peptide of human NHERF as described previously (29). A rabbit polyclonal
anti-Trp4 antibody, T4cAb, was raised against a synthetic peptide representing the last 13
residues of bovine Trp4 as described (30). Another rabbit polyclonal anti-Trp4 antibody,
T4nAb, was raised against the synthetic Trp4 N-terminal peptide, CYYKRNVNAPYRDR
(Quality Controlled Biochemicals, Hopkinton, MA, USA). The rabbit polyclonal antibodies for

PLCB1 (G-12) and HisTag (H-15) were from Santa Cruz Biotechnologies (Santa Cruz, CA).
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The monoclonal antibody 12CAS for hemagglutinin (HA) epitope was from Babco (Berkeley,

CA).

¢DNAs and Expression Constructs: Full-length cDNAs for murine Trp4 and Trp5 was
obtained from a mouse brain cDNA library for rapid amplification of complimentary ends by
polymerase chain reaction (RACE-PCR) made according to the protocol provided by the
Marathon cDNA Amplification kit (Clontech). RACE-PCR primers were designed and the
reactions were carried out following the previous description (7). DNA sequences were
determined by the dideoxy-chain termination method (3/). The sequences for murine Trp4a,
Trp4P and Trp5 have been deposited in GenBank database with accession numbers AF011543,
AF019663, and AF060107, respectively. For in vitro synthesis of 35S-labeled proteins, the
cDNAs were subcloned into the expression vector pAGA (32), which contains a T7 promoter
that allows transcription initiation by T7 RNA polymerase. An ATG codon contained within an
Necol site serves as a translation initiation site. The C-terminal constructs for Trp4o. and Trp5
were made by subcloning HindIII/EcoRI fragments encoding the corresponding sequences into
pAGA at the Ncol site via blunt-end ligation after each fragment had been filled-in by the
Klenow fragment of DNA polymerase I in the presence of dNTP. cDNAs for bovine PLCB1 and
PLCP2 were kindly provided by Dr. Peter Gierschik. Their C-terminal constructs were made by
subcloning a Pvull/BamHI fragment of PLCB1 or a Pvull/Xbal fragment of PLCB2 into pAGA
at the Ncol site via blunt-end ligation. HA-tagged frp4 constructs contain the coding nucleotide
sequence for the HA epitope, “YPYDVPDY”, immediately after the coding sequence for the C-
terminal end of Trp4 “VTTRL”. A stop codon was added after the codon for the last “Y” of the

HA-epitope. For expression in HEK 293 cells, the cDNA for the full-length mTrp4a. or the C-
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terminal HA-tagged mTrp4o. was subcloned into pcDNA3 (Invitrogen). Constructs for
preparing glutathione S transferase (GST) fusion proteins for PDZ1 and PDZ2 of NHERF were

as described (28).

GST Pull-down experiments: GST and GST-fusion proteins were produced in E. coli BL-21
cells after transformation with corresponding plasmids. Synthesis of recombinant proteins was
induced by the addition of 100 uM isopropyl-1-thio-D-galactopyranoside to log-phase cultures
(A600 = ~0.6) at 37°C. After 3-5 hrs of incubation with constant shaking, the bacteria were
recovered by centrifugation at 4°C for 15 min and either used immediately or stored at -20°C.
GST and GST-fusion proteins were purified, using glutathione Sepharose 4B, from bacterial
lysates prepared by incubating with 20 mM lysozyme and 1% sarcosyl and sonication. The
glutathione beads with the bound proteins were washed three times with washing buffer (20 mM
Tris-Cl, pH 8.0, 1 mM EDTA, 150 mM NaCl, 0.5% IGEPAL) and then resuspended in a binding
buffer containing 20 mM Tris-Cl, pH 8.0, 100 mM KCI, 2 mM MgCl, and 0.5% Lubrol. **S-
labeled Trp4, Trp5, or the C-terminal portions of Trp4, Trp5, PLCB1, and PLCB2 were made in
vitro using the TNT coupled rabbit reticulocyte system. GST protein (2 pg) bound to glutathione
Sepharose and 10 pl 35S-labeled protein were added to 250 pl of the binding buffer and were
incubated on a platform shaker at room temperature for 30 min. The bound proteins were
collected by centrifugation at 5,000 rpm for 2 min and washed three times with the binding
buffer. After the last wash, 10 pl 2 X Laemmli buffer (1 X = 62.5 mM Tris-Cl, 1% SDS, 10%
glycerol, 10% B-mercaptoethanol, pH 6.8) was added to the pellet and the samples were

incubated at room temperature for 5 min. Aliquots (10 pl) of each sample were subjected to
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SDS-PAGE and the gels were stained with Coomassie blue, dried and exposed to X-ray films

overnight.

Cell lines and Cell Culture: HEK293 cells were grown in DMEM containing 4.5 mg/ml
glucose, 10% heat-inactivated fetal bovine serum, 50 units/ml penicillin, and 50 pg/ml
streptomycin. For transfection, 2.8 x 10° cells were cultured in a 10 cm tissue culture dish for 20
hrs and 5 pg mirp40/pcDNA3 or merp4a-HAc/pcDNA3 was transfected into the cells by the
calcium phosphate precipitation method as described (34). After 24 hours, cells were harvested,
suspended in the same medium supplemented with 400 ug/ml G418, and transferred to wells of
96-well plates in three serial dilutions of 1:4. G418-resistant transformants that appeared to arise
from single colonies were transferred to 12-well plates for growth and further analysis. Clonal
cell lines expressing Trp4a. or C-terminal HA-tagged Trp4a were identified by
immunocytochemistry and confirmed by immunoprecipitation as detailed before (34) using an
affinity purified polyclonal anti-Trp4 N-terminal antibody, T4nAb. The stable cell lines were

diluted twice weekly and maintained in medium supplemented with 400 pg/ml G418.

Immunocoprecipitation and immunoblotting: HEK 293 cells were washed twice in
phosphate-buffered saline (PBS: 136 mM NacCl, 1.4 mM KCl, 10 mM Na,HPO,, 1.7 mM
KH,PO,, pH 7.4), scraped off from the dishes in 1 ml of ice-cold PBS supplemented with
protease inhibitors (0.1 mM phenylmethylsulfonyl fluoride, I mM benzamide, 1 pg/ml aprotinin,
10 uM leupeptin, 1 pM Soybean protease inhibitor), and pelleted by centrifugation at 5,000 rpm
in a microcentrifuge at 4°C for 2 min. Cells were sonicated in RIPA buffer containing 150 mM

NaCl, 50 mM Tris-Cl, pH 8.0, 0.5% sodium deoxycholate, 1% IGEPAL, 0.1% SDS, 5 mM
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EDTA and the protease inhibitors listed above. Mouse brain samples were homogenized using a
polytron homogenizer in 1 ml RIPA buffer containing protease inhibitors followed by sonication.
All procedures for immunoprecipitation were carried out at 4°C. The crude lysate was
centrifuged at 14,000 rpm in a microcentrifuge for 10 min and the supernatant was transferred to
a new Eppendorf tube. Non-specific bindings were removed by a preincubation with 1/10
volume of protein-A Sepharose for 1 h followed by a low speed centrifugation at 5,000 rpm for 2
min. The supernatant was then incubated with appropriate dilutions of the desired antibody for
10-16 hrs. The dilutions for the antibodies were 1:200 for anti-Trp4, 1:100 for anti-NHERF and
anti-PLCB1. Immuncomplexes were purified by incubation with 1/10 volume of protein-A-
Sepharose for 1 h, centrifuged and washed three times in RIPA buffer. Bound immuncomplexes
were eluted by incubating the Sepharose beads in 50 ul 2 X Laemmli buffer at 95°C for 10 min.
The samples were centrifuged briefly at 14,000 rpm and 10 pl aliquot of the supernatant was
subjected to SDS-PAGE. The proteins were then transferred to nitrocellulose membranes using
a Semi-dry Transfer Blotter (W. E. P. co, Concord, CA) at 120 mA for 2 hrs and immunoblotted
with antibodies as indicated. For immunoblotting, dilutions of antibodies were 1:2,000 for anti-
Trp4, 1:1,000 for anti-NHERF and anti-PLCB1. Horse radish peroxidase conjugated goat anti-

rabbit IgG was used as secondary antibody and all blots were developed using the ECL system.

Results

Among the seven mammalian Trp homologues currently known, Trp4 and Trp5 are the
most closely related. The first 754 residues of mTrp4, encompassing the N-terminus, the
transmembrane regions, and the first 133 residues of the C-terminus, share 73% identity (82%

similarity) with the equivalent regions of mTrp5 (761 residues). However, the last 220 residues
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of Trp4 are divergent from the last 214 residues of Trp5 with an identity score of 20% and a
similarity score of 38%. Strikingly, both proteins end with the same C-terminal sequence,
«“VTTRL” (Fig. 1a). Since the ligand specificities of PDZ domains are often defined by the last
few residues of target proteins, this sequence conservation suggests that Trp4 and Trp5 might
interact with a common PDZ-domain. Random peptide library screening has revealed that
peptides terminating with the amino acid sequence “TRL” bound with high affinity to the first
PDZ domain of NHERF (28). Therefore, we tested whether Trp4 and Trp5 interact with NHERF
in GST pull-down experiments. Fig. 15 shows that the GST fusion protein containing PDZ1 of
NHERF interacted with >*S-labeled full-length mTrp4 and mTrp5. PDZ2 of NHERF interacted
with Trp4 and Trp5 only very weakly. In agreement with the notion that the C-terminal
sequences of the target proteins are responsible for the interaction with PDZ domains, NHERF
PDZ]1 also interacted with the C-terminal portions of Trp4 or Trp5 (Fig. 1¢). In contrast, human
Trp3 terminates with “MLRCE” and did not interact with NHERF PDZ1 (Fig. 1d). Molecular
cloning has revealed the existence of at least two forms of mTrp4: a longer form (Trp4o) that
contains 974 amino acids and a shorter form (Trp4p) that contains 890 amino acids and lacks
residues 781-864 corresponding to Trp4c.. Because the C-terminal ends remain the same, both
Trp4o. and Trp4P interact with PDZ1 of NHERF (Fig. 1e). However, when the C-terminus was
masked by the addition of an HA epitope, neither Trp4 isoform interacted with NHERF (Fig. le).
These data indicate that the presence of “TRL” motif at the C-terminal end is essential for the
interaction between Trp4 and NHERF PDZ1.

While the “VTTRL” sequence is found at the C-terminal end of bovine, human and
murine Trp4, it has been reported that rat Trp4 terminates with “HKIMI” (GenBank Accession

number: AB008889). In order to confirm this, we isolated total RNA from the brain of an adult
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Sprague-Dawley rat and performed RT-PCR using primers that would anneal to both mouse and
rat trp4. Products corresponding to trp4ocand trp43 were obtained and sequenced. Despite of
the 99.4% identity with the published rat trp4 (AB008889) at the nucleotide level, our PCR
products predict proteins with “VTTRL” at the C-termini (GenBank Accession numbers:
AF288407, AF288408). Therefore, the “VTTRL” sequence and hence the association with
NHEREF is conserved among Trp4 orthologues in mammalian species.

Bovine PLCB1 and PLCP2 terminate with “TPL” and “SRL”, respectively (Fig. 2a).
Results of the random peptide library screening (28) indicated that these sequences might also
interact with PDZ1 of NHERF. Therefore, we tested the binding of PLCB1 and PLCB2 with the
two PDZ domains of NHERF. As shown in Fig. 2b, *°S-labeled C-terminal fragments of PLCB1
and PLCB2 bound to GST-fusion protein containing PDZ1 but only very weakly to that
containing PDZ2 of NHERF. Thus, the first PDZ domain of NHERF is capable of interacting
with PLCB1, PLCP2, Trp4, and Trp5, suggesting that NHERF may serve as a scaffold for the
clustering of PLC signaling molecules in mammalian cells.

In order to test whether Trp4 associates with NHERF in vivo, we expressed mTrp4ot in
HEK 293 cells and established a stable cell line, T4-60. In immunoblotting, a rabbit polyclonal
antibody (T4cAb) raised against a peptide representing the last 13 amino acids of Trp4 (30)
recognized a 110 kDa polypeptide in membranes prepared from T4-60 cells but not that from
either untransfected HEK cells or a cell line stably expressing human Trp3 (Fig. 3a). The
expression of endogenous NHERF in HEK 293 cells was detected in total cell lysates using an
anti-NHERF specific antibody, IC270 (Fig. 3b). Moreover, the association of Trp4 with NHERF
was examined by first immunoprecipitating cell extracts using IC270 followed by the separation

of precipitated proteins by SDS-PAGE and immunoblotting using the anti-Trp4, T4cAb. Trp4
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was detected in the precipitates obtained from T4-60 but not untransfected cells (Fig. 3¢). No
Trp4 signal was found in the blot made from immunoprecitipation of T4-60 cell lysate using a
non-specific antibody, anti-HA 12CAS (not shown). In addition, an anti-Trp4 N-terminal
antibody (T4nAb) also detected Trp4a in the anti-NHERF immunoprecipitates from the T4-60
cells but not from cells expressing Trp3 or the C-terminal-tagged Trp4o (Fig. 3¢). The
expression of the HA-tagged Trp4a in this cell line was confirmed by immunoprecipitation with
T4nAb followed by immunoblotting with the anti-HA antibody. These data demonstrated that
Trp4 interacts with NHERF in vivo and that the presence of “TRL” at the C-terminal end of Trp4
is essential for this interaction.

Endogenous PLCB1 can be detected in HEK 293 cells using a polyclonal anti-PLCB1
antibody (Fig. 4a). Immunoblotting with the antibody revealed the presence of PLCB1 in
immunoprecipitates obtained using the anti-NHERF antibody (Fig. 4b) and thereby
demonstrating that endogenous PLCB1 and NHERF associate with each other in vivo in HEK
293 cells. Moreover, in T4-60 cells, PLCB1 coprecipitated with Trp4 in immunoprecipitates
obtained using the anti-Trp4 antibody (Fig. 45). Interestingly, the amount of PLCB1
coprecipitated by the anti-Trp4 antibody was similar to that precipitated by the anti-NHERF
antibody (Fig. 4b). Assuming that the two antibodies had the same efficiency for the
precipitation of the NHERF/Trp4 complex, this result indicates that most likely, PLCB1 is part of
the same complex that contains Trp4 and NHERF. Thus, the three proteins appear to coassemble
in HEK cells expressing Trp4.

In order to determine whether the three proteins also coassemble in animal tissues that
normally express them, we performed immunocoprecipitation experiments using adult mouse

brain. Significant amounts of PLCB1 and NHERF were detected in mouse brain by
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immunoblotting using the respective specific antibodies (Fig. 5a, left and middle). The
expression of Trp4 in adult mouse brain was difficult to detect by immunoblotting alone using
the anti-Trp4, T4cAb. However, two bands, 110 kDa and 100 kDa, presumably representing the
a and B isoforms of Trp4, were detected by immunoprecipitation followed by immunoblotting
using the same antibody (Fig. 5a, right). Immunocoprecipitation experiments showed that the
anti-NHERF antibody also precipitated the two isoforms of Trp4 from the brain lysate (Fig. 5b)
and that similar amount of PLCB1 was precipitated by the anti-NHERF, IC270 and the anti-Trp4,
T4cAb (Fig. 5¢). An unrelated rabbit polyclonal antibody, anti-HisTag, did not precipitate Trp4
or PLCB1. Thus, PLCB1, Trp4, and NHERF coexist as a molecular complex in adult mouse

brain.
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Discussion:

Our data suggest that NHERF is a molecular scaffold that brings PLC isozymes and Trp4
or Trp5 into a signaling complex. Similar function is known to be carried out by INAD in the
Drosophila phototransduction system (19-21). The association with INAD appears to be crucial
for the proper localization of the cascading enzymes as well as for the precision of the spatial and
temporal control of signaling events, such as those involved in the recruitment of G protein upon
stimulation (38) and the inactivation of Trp by PKC-mediated phosphorylation (39,40). NHERF
was first isolated as a cofactor required for protein kinase A-mediated inhibition of type 3 Na'-
H* exchanger found on the renal brush border membrane (41,42) and later determined to be the
same as the phosphoprotein that binds members of the ezrin/radixin/moesin (ERM) proteins
(33,43). The ERM proteins are known to link cell surface receptors to actin cytoskeleton (44)
and in many case such link is mediated through NHERF. The two PDZ domains of NHERF bind
to target proteins while its C-terminus binds to the N-terminus of ERMs (33, 43). It has been
shown that the first PDZ-domain of NHERF interacts with a number of G-protein-coupled
receptors and ion transporting proteins, such as the cystic fibrosis transmembrane conductance
regulator (CFTR), sodium-bicarbonate transporters, and H'-ATPase (28,45-48). Analysis of the
sequence requirement for NHERF PDZ1 binding also suggested PLCP1 as a potential ligand
(45). Indeed, we show here that the C-termini of both PLCB1 and PLCB2 bind NHERF PDZ1.
In addition, this PDZ domain also binds Trp4 and Trp5. Our immunocoprecipitation studies
further demonstrated the association of PLCB1, Trp4, and NHEREF in the same complex in HEK
293 cells expressing mTrp4 and in mouse brain. Because the ligand specificity of PDZ domain
interaction is determined, in most cases, by the last 3 to 4 C-terminal amino acids of the target

proteins, it is predictable that only a subset of mammalian Trps can interact directly with
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NHERF. Thus, NHERF is considered one of the functional analogs of INAD. Several other
PDZ-domain-containing proteins may exist for the clustering of other Trps.

There are differences between NHERF and INAD. First, INAD has five PDZ-domains
with PLCP binding to PDZ1 and PDZ5 (19,21) whereas Trp binds to PDZ3 (19). In contrast,
NHERF has only two PDZ domains and PLCB1/2 and Trp4/5 all bind to PDZ1. It is thus
unlikely that a single NHERF molecule binds simultaneously to PLCs and Trps. Rather, it is
possible that the molecules are clustered via NHERF’s self-association (49) or its association
with ERMs, which oligomerize among themselves (44,50). In such a case, the stoichiometry for
PLCB, NHERF and Trp4 in the molecular complexes may vary greatly. Second, unlike INAD,
which is photoreceptor-specific protein primarily involved in scaffolding and modulating the
photosensing signaling molecules, NHERF appears to participate in multiple signaling pathways,
as shown by its interaction with multiple types of receptors, ion channels, transporters and
exchangers. Therefore, questions remain as to how NHERF selects among its many potential
partners and what the physiological significance of each association is. The answer to the first
question may lie partly on the tissue-specific distribution of each target protein. However, in the
case of PLCP and Trp4, some kind of sorting mechanism would have to be incorporated so that
the binding with one partner does not overwhelm the association with the others. For the second
question, although the specific physiological implication for each association is not known, there
are functions that may be common to all target proteins. These include preferential distribution
to the apical membrane of polarized cells (51,52), facilitation of phosphorylation by protein
kinase A (53), which associates with ERM (54), and by non-receptor tyrosine kinase, e. g. c-Yes,

through interaction of NHERF PDZ2 with Yes-associated protein 65 .
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It was recently shown that actin redistribution plays a critical role in activating SOCs in
cultured smooth muscle cells and HEK 293 cells as well as in activating Trp3 expressed in the
HEK cells (55,56). The binding of Trp4 (and Trp5) to NHERF constitutes the first physical link
of these channels to actin cytoskeleton. The C-terminus of NHERF interacts with the N-
terminus of ezrin, moesin (43) and the related protein merlin (33). The C-terminus of ERM
protein interacts with F-actin in a manner that is dependent on the oligomerization and the
phosphorylation states of ERM (44,57,58). Blocking ERM dephosphorylation by the
phosphatase inhibitor, calyculin A, led to condensation of F-actin in the cell periphery (59) and
inhibition of SOCs (56). Conceivably, the phosphorylation state of ERMs will also affect the
dynamics of association of Trp4/5 with actin network due to their association with ERMs via
NHERF. Thus, physical association of SOCs with ERM proteins may be one of the reasons that
capacitative Ca®" entry is dependent on the reversible redistribution of actin and is blocked by
phosphatase inhibitors (55,56). Other Trp proteins may multimerize with Trp4 or Trp5 and
hence associate with ERMs. Although Trp4 has been shown to be a part of native SOCs in
adrenal cells (30), it is yet to be established Trp4 or Trp5 also participate in the formation of
SOCs in other cell types. Perhaps in the absence of Trp4/5, different PDZ domain-containing

proteins are involved in linking the channels to the ERMs through a similar mechanism.

Abbreviations: BSA, bovine serum albumin; DMEM, Dulbecco’s modified Eagle’s medium;
ECL, Enhanced Chemiluminescence; ER, endoplasmic reticulum; ERM, ezrin/radixin/moesin;
GST, glutathione S transferase; HA, hemagglutinin; INAD, inactivation no after potential D;
mTrp4, murine Trp4; NHERF, Na'/H" exchanger regulatory factor; PBS, phosphate-buffered

saline; PDZ, PSD95/DLG/Z0-1; PKC, protein kinase C; PLC, phospholipase C; PM, plasma
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membrane; RACE-PCR, rapid amplification of complimentary ends by polymerase chain

reaction; SOC, store-operated channel; Trp, transient receptor potential.
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Legend to Figures

Figure 1. Trp4 and Trp5 interact with the first PDZ domain of NHERF. a, C-terminal
sequences of Drosophila Trp, Trp-like and the seven mammalian Trp homologues. Shown are
the last 15 residues for each Trp. Except for the last five amino acids (underlined) of Trp4 and
Trp5, the C-termini of Trp proteins are not conserved. Double underlined sequence in
Drosophila Trp had been shown to be critical for the interaction between the Trp and INAD (395).
b, interaction of full-length Trp4 and Trp5 with PDZ domains of NHERF. 33S-labeled mTrp4
and mTrp5 were incubated with GST or GST fusion of NHERF PDZ1 or PDZ2 bound to
glutathione Sepharose and bound proteins were separated by SDS-PAGE (8%) as described in
the Experimental Procedures. c, interaction of the C-terminal portions of Trp4 and TrpS with
NHERF PDZ domains. The **S-labeled proteins contained portions of mTrp4 and mTrpS5 as
indicated by the positions of the amino acids shown in parentheses. Proteins were separated by
12% SDS-PAGE. d, NHERF PDZ1 interacts with Trp4, Trp5, but not Trp3. e, NEHRF PDZ]
interacts with Trp4a and Trp4f but not C-terminal HA-tagged Trp4 isoforms. Experiments were
performed as in b. For b-¢, upper panels show autoradiograms of input 3S-labeled proteins and
those retained by GST-fusion proteins. Lower panels show the amount of GST or GST-fusion
proteins used as revealed by Commassie blue staining. Sizes (in kD) of molecular weight
markers are indicated to the left. Lane labels in b, c, e: L, total lysate; G, GST; 1, GST-NHERF

PDZ1; 2, GST-NHERF PDZ2.

Figure 2. PLCPB1 and PLCR2 interact with the first PDZ domain of NHERF. aq, C-terminal
sequences of bovine PLCB1 and PLCB2. Shown are the last 15 residues for each protein. b,

Interaction of PLCB1 and PLCB2 with PDZ domains of NHERF. **S-labeled C-terminal
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portions of PLCB1 and PLCP2 were incubated with GST or GST fusion of NHERF PDZ1 or
PDZ2 bound to glutathione Sepharose and bound proteins were separated by 12% SDS-PAGE.
Upper panel shows the autoradiogram of input 35-labled proteins and those retained by GST-
fusion proteins. Lower panel shows the amount of GST or GST-fusion proteins used as revealed

by Commassie blue staining. Molecular weights are indicated to the left.

Figure 3. Interaction of Trp4 with endogenous NHERF in HEK 293 cells expressing
mTrpdc. a, expression of Trp4 was detected in T4-60 (T4) but not untransfected control (C) or
Trp3 transfected (T3) cells by immunoblotting using the anti-Trp4 C-terminal antibody, T4cAb.
Crude membrane preparations were made according to Levy et al (36) and 2 pg total protein was
used in each lane. b, NHERF was detected in control and T4-60 cells by immunoblotting using
the anti-NHERF antibody, IC270. Aliquot of 10 ul cell lysate containing 1 mg total protein was
added to each lane. c, cell lysates (100 pl) from control, T4-60 cells, and cells expressing Trp3
(T3) or C-terminal HA-tagged Trp4 [T4(HAc)] were immunoprecipitated with the anti-NHERF,
IC270. The precipitates were separated by 8% SDS-PAGE and then probed with the anti-Trp4
C-terminal, T4cAb (left) or the anti-Trp4 N-terminal, T4nAb (right), to reveal coprecipitation of
Trp4 with NHERF. 4, cell lysates (100 pl) were immunoprecipitated with anti-Trp4 N-terminal
antibody and the presence of the HA-tagged Trp4 was determined by immunoblotting using the
anti-HA monoclonal antibody, 12CAS5. Molecular weights as revealed by prestained protein

markers are indicated to the left.

Figure 4. Coassembly of PLCB1, Trp4 and NHERF in T4-60 cells. a, detection of PLCB1 in

control (C) and T4-60 (T4) cells by immunoblotting using the anti-PLCP1 antibody. A 100 kD
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and a 150 kD forms are commonly detected in cell lines and freshly isolated tissues by this
antibody and probably represent alternatively spliced forms of PLCB1 or proteolytic degradation
during sample processing (37). The higher molecular weight bands are common for the HEK
cells as they were also seen by others using the same antibody (37). Aliquot of 10 pl total cell
lysate was used in each lane. b, PLCB1 immunocoprecipitated with NHERF and Trp4. T4-60
cell lyaste (100 pl) in RIPA buffer was subjected to immunoprecipitation by the anti-NHERF,
IC270 or the anti-Trp4, T4cAb. The precipitates were separated by 8% SDS-PAGE, transferred

to nitrocellulose membrane, and probed with the anti-PLCp1 antibody.

Figure 5. Coassembly of PLCB1, Trp4 and NHERF in mouse brain. a, expression of PLCB1
(left), NHERF (middle) and Trp4 (right) in mouse brain. A whole brain from an adult mouse
was homogenized in 1 ml RIPA buffer as described in the Experimental Procedures. Aliquot of
10 pl (1.4 mg total protein) lysate was subjected to 8% (for PLC) or 10% (for NHERF) SDS-
PAGE. Proteins were transferred and probed with antibodies against PLCB1 or NHERF. Under
the same conditions, the anti-Trp4 antibody failed to detect any signal at the expected size range.
Therefore, 200 pl whole brain lysate was immunoprecipitated with the anti-Trp4, T4cAb, and the
precipitates were separated by 8% SDS-PAGE, transferred, and then probed again with T4cAb.
Arrowheads indicate the two bands corresponding to the sizes of Trp4a. andA Trp4B. The
identities for the higher molecular weight bands are not known as they appeared in some but not
all blots. b, association of Trp4 with NHERF in brain. Brain lysate (200 pl) was
immunoprecipitated with antibodies against HisTag, NHERF, or Trp4. The presence of Trp4 in
the immunoprecipitates was examined by immunoblotting using the anti-Trp4, T4cAb. Anti-

HisTag was used as a negative control for immunoprecipitation. ¢, PLCB1
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immunocoprecipitated with Trp4 and NHERF from brain. Brain lysate was immunoprecipitated
with antibodies against HisTag, NHERF, or Trp4. The presence of PLCB1 in the

immunoprecipitates was examined by immunoblotting using the anti-PLCf1 antibody.
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Abstract

NHE-RF, a regulatory cofactor for NHE (Na+-H+ exchanger) type 3, interacts
with ion transporters and receptors through its PDZ domains and with the MERM proteins
(merlin, ezrin, radixin and moesin) via its carboxy terminus. Thus, NHE-RF may act as a
multifunctional adaptor protein and play a role in the assembly of signal transduction
complexes, linking ion channels and receptors to the actin cytoskeleton. NHE-RF
expression is upregulated in response to estrogen in estrogen receptor (ER)-positive breast
carcinoma cell lines, suggesting that it may be involved in estrogen signaling. To further
understand NHE-RF function and its possible role in estrogen signaling, we analyzed
NHE-RF expression in normal human tissues, including cycling endometrium, and in
breast carcinomas, tissues in which estrogen plays an important role in regulating cell
growth and proliferation. NHE-RF is expressed in many epithelia, especially in cells
specialized in ion transport or absorption, and is often localized to apical (luminal)
membranes. NHE-RF expression varies markedly in proliferative versus secretory
endometrium, with high expression in proliferative (estrogen-stimulated) endometrium.
Furthermore, ER status and NHE-RF expression correlate closely in breast carcinoma

specimens. These findings support a role for NHE-RF in estrogen signaling.
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Introduction
NHE-RF (Na+-H+ exchanger regulatory factor), a cytoplasmic phosphoprotein,

was originally identified in the rabbit renal brush border as a co-factor required for

cAMP/protein kinase A-mediated inhibition of NHE (Na+-H+ exchanger) type 3.1 The

human homologue was identified from human placenta and has also been referred to as

EBP50 (ezrin binding protein).2 NHE-RF is a 358 amino-acid protein with two
homologous PDZ domains, which mediate protein-protein interactions. A related protein,

NHE-RF2 (also known as E3KARP), was isolated from small intestine and renal brush

border and shares 51% identity with NHE-RF, primarily in the PDZ domains.3 PDZ-
containing proteins are often localized at the plasma membrane and appear to promote the
assembly of membrane-bound macromolecular complexes (transduction complexes), into
which target molecules are recruited. Many PDZ domains-containing-proteins are involved
in cell signaling.4-¢

NHE-RF interacts, via its PDZ domains, with a variety of ion transport proteins

such as the cystic fibrosis transmembrane regulator, the sodium-bicarbonate co-transporter,

as well as with membrane receptors such as the $2 adrenergic and the purinergic P2Y1.

Recently, we and others have shown that NHE-RF directly interacts with merlin, the NF2
(neurofibromatosis 2)-encoded tumor suppressor protein, and with ezrin, radixin and

moesin (MERM proteins), which are involved in cytoskeletal reorganization and signal

transduction.” The MERM binding region is a non-PDZ site in the C-terminus.8 Thus,
NHE-RF may also be involved in the assembly of transduction complexes that link
membrane receptors and transporters with intracellular signaling components.
Interestingly, NHE-RF expression is upregulated in response to estrogen in
estrogen receptor (ER)-positive breast carcinoma cell lines (reference 9 and Ramesh,

unpublished data). NHE-RF expression in these cells is mediated by the estrogen receptor
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and suppressed by antiestrogens.? These findings suggest a role for NHE-RF in the
estrogen signal transduction cascade in estrogen-responsive tissues. To gain more insight
into the physiological relevance of NHE-RF, we performed a comprehensive expression
study of the protein in normal adult human tissues. In order to evaluate the relationship
between estrogen and NHE-RF expression in normal and malignant estrogen-responsive
tissues, we also examined NHE-RF expression in cycling endometrium, as well as in ER-

positive and ER-negative breast carcinomas.
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Materials and Methods

Tissues. Formalin-fixed, paraffin-embedded sections of normal adult human organs from

surgical specimens and autopsies were obtained from the Department of Pathology at
Massachusetts General Hospital. We examined two to five samples from each paraffin-
embedded organ. Organs examined included: brain and spinal cord, peripheral nerve,
pituitary gland, placenta, kidney, skin, muscle, endometrium, breast, esophagus, stomach,
small and large intestines, liver, spleen, pancreas, salivary glands, thyroid, tonsils, heart
and lungs. To evaluate the possible assoéiation between estrogen and NHE-RF expression
in normal tissues, we examined multiple samples of proliferative and secretory
endometrium. To assess the possible association between estrogen receptor status and
NHE-RF expression in breast carcinomas, we studied eighteen invasive breast carcinomas
for which estrogen receptor status has been previously determined by

immunohistochemistry.

Cell lines. Breast cancer cell lines, MCF-7, ZR-75-B, T-47D, MCF-7-ADR and MDA-
MB-231, were obtained from the Massachusetts General Hospital Cancer Center and
normal breast epithelial cell lines, HBL-100, MCF-12-F, were obtained from ATCC. Cell

lines were maintained in DMEM with 10% fetal calf serum.

Antibodies. The polyclonal IC270 antibody is directed at the GST-NHE-RF fusion protein

and has been characterized elsewhere.10:11 A commercial antibody (Estrogen Receptor,
Clone 1D5, DAKO, Carpinteria, CA) was used to evaluate estrogen receptor status; this

antibody recognizes both the a and p forms of the receptor.
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Western blot analysis. Protein lysates were prepared from cells in phosphate buffered
saline (PBS) containing 2% sodium dodecyl sulfate (SDS) and a cocktail of protease
inhibitors (Boehringer Mannheim, Indianapolis, In). Protein concentrations were measured
using the DC protein assay system (Bio-Rad, Melville, NY). Three hundred pg of total
cellular protein were subjected to SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes (Bio-Rad, Melville, NY). Blots were then probed with the
NHE-RF antibody IC270 (affinity eluted 1:50. Proteins were visualized with anti-rabbit
horseradish peroxidase-conjugated secondary antibody and the ECL chemiluminescence
system (Amersham Inc, Arlington Heights, Il). Signal intensity was quantified by
densitometric scanning of autoradiographs using transmittance analysis (Fluor-S,

Multiimager, Bio-Rad, Melville, NY).

Immunohistochemistry. Immunohistochemistry for NHE-RF was perfomed using IC270.
Formalin-fixed, paraffin-embedded, eight-micron-thick sections were deparaffinized,
rehydrated, immersed in 0.5% H202/methanol for 20 minutes and rehydrated in graded
ethanols. For antigen retrieval, sections were microwaved in 0.01M sodium citrate buffer
(pH 6.0) for 15 minutes. Sections were then blocked in 10% normal goat serum and 5%

milk in 1% bovine serum albumin (BSA) in PBS, followed by incubation with primary

antibody overnight at 4°C. Incubation with biotinylated goat anti-rabbit antibody (Vector

Laboratories, Burlingame, CA) for 30 minutes at room temperature was followed by the
standard avidin-biotin-complex (ABC) process (Vectastain Elite ABC kit, Vector
Laboratories, Burlingame, CA). Diaminobenzidine (DAB) was used as a chromogen,
followed by counterstaining with hematoxylin. Positive controls included paraffin-
embedded human placenta sections as well as formalin fixed, paraffin-embedded cell pellets
from MCF-7 and MCE-7-ADR cell lines, which express high levels or low levels of NHE-
REF, respectively, as shown in Western blot analysis (see below). For negative controls, the

primary antibody was omitted and prior immunostaining with preabsorbed serum did not
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reveal any specific reactivity.12 To control for possible effects of fixation and antigen
retrieval, frozen sections of human placenta were also immunostained.
Immunohistochemistry for estrogen receptors (ER) was performed according to standard
procedures. Briefly, antigen retrieval was achieved by microwaving the sections in Tris

buffer (pH 10) for 10 min. Sections were blocked with 10% normal horse serum and

incubated with ER antibodies (1:100 dilution) overnight at 4°C. Sections were incubated

with secondary antibodies at room temperature for 45 minutes followed by the ABC

reaction, visualization with DAB and counterstaining with hematoxylin.
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Results

Western blotting and immunohistochemistry for NHE-RF in cell lines

Quantitative Western blot analysis, performed three times, confirmed that three
estrogen receptor-positive breast cancer cell lines, MCF-7, ZR-75-B, and T-47D, had 9.50
+ 2.20-fold higher levels of NHE-RF when compared to the normal mammary lines HBL-
100 and MCF-12-F (Figure 1). Expression of NHE-RF was expressed at only low levels
in the estrogen receptor-negative breast cancer lines MCF-7-ADR and MDA-MB-231 and
was not detectable in the breast cancer cell line DU4475. Immunocytotochemical staining of
cell pellets from MCF-7 and MCF-7-ADR with the IC270 antibody showed strong

expression only in MCF-7, the ER-positive cell line (Figure 2A).

Immunohistochemistry for NHE-RF expression in normal adult tissues

NHE-RF is expressed in many tissues but has a highly selective cellular and
subcellular distribution. Intense NHE-RF expression was seen in epithelial cells of many
organ systems, especially in cells that perform an absorptive function, possess microvilli,
or are involved in ion transport. Immunohistochemistry of paraffin-embedded sections of
placenta demonstrated a characteristic pattern of NHE-RF expression, with prominent
expression in the syncytiotrophoblast, the outer cell layer of placental villi, and its brush
border, whereas the villous mesenchyme was immunonegative. Frozen sections of placenta

showed the same pattern of immunostaining. All negative controls showed no staining.

As previously demonstrated using immunofluorescence,!2 strong expression of
NHE-RF was seen in the renal proximal tubules with prominent staining of the luminal cell
membrane and the microvillous brush border (Figure 2B). The parietal epithelium lining
Bowman's capsule of the renal glomeruli also showed prominent positivity, while the
mesangium and glomerular endothelium were immunonegative and the distal tubules and

collecting tubules had only weak cytoplasmic staining.
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A highly selective pattern of expression of NHE-RF was also seen in the gastro-
intestinal system. In the stomach, fundic glands showed strong expression in parietal cells,
whereas chief cells, mucin-secreting cells and surface epithelium were immunonegative. In
the small bowel, the protein is abundant at the apical surface of absorptive cells and in
microvilli extending from the cell surface, but is absent in intercalated goblet cells.
Similarly, in the large bowel, absorptive cells of the surface epithelium and colonic crypts
show strong membranous staining of the luminal border, but adjacent intercalated goblet
cells were immunonegative (Figure 2C).

Stratified squamous epithelium in the esophagus, skin, and tonsils showed only
weak to moderate cytoplasmic staining, more pronounced in the deep layers. Eccrine
glands in the skin, however, showed cytoplasmic immunostaining with strong apical
membranous expression, highlighting intercalated canaliculi. In contrast, the underlying
myoepithelial cells were immunonegative. Other skin adenexa, such as the pilar unit,
showed weak diffuse cytoplasmic staining. In the salivary glands, NHE-RF was weakly
expressed in the cytoplasm of serous acinar cells, but there was prominent linear luminal
membranous immunostaining. The mucinous acinar cells of the salivary glands were
immunonegative. Similarly, acinar cells of the pancreas showed weak cytoplasmic staining
and luminal linear immunopositivity, while cells of the islands of Langerhans were
immunonegative. In the anterior pituitary, selected cells were moderately immunopositive.
The posterior pituitary was immunonegative, as was the thyroid gland. In the breast, ductal
and acinar epithelia were immunopositive, with apical membranous staining of the acinar
epithelial cells (Figure 2D).

Skeletal muscle and myocardium were immunonegative for NHE-RF, while
smooth muscle, particularly vascular smooth muscle, showed moderate immunopositivity
in most tissues. In the lung, bronchial epithelium was only weakly positive and alveolar
pneumocytes were immunonegative. In the liver, hepatocytes and Kupffer cells showed no

expression of NHE-RF and only weak to moderate expression was seen in ductal
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epithelium. Focal, moderate positivity was seen in the white pulp of the spleen and in
scattered lymphocytes in germinal centers of lymph nodes.

In the brain and spinal cord, neurons and resting glia did not express NHE-RF.
Strong expression of NHE-RF, however, was observed in glial process in areas of chronic
reactive gliosis, such as subpial region, or in proliferating Bergmann glia in the cerebellum.
Marked NHE-RF expression was also observed at the apical membranes of ependymal
cells. Interestingly, this pattern of expression was altered in buried ependymal cells found
just below the ventricular surface, in which NHE-RF was seen as an area of strong
cytoplasmic immunopositivity without polarized apical or membranous staining. Arachnoid

cells were immunonegative, as were Schwann cells in peripheral nerves.

Immunohistochemistry for NHE-RF expression in endometrium

Proliferative endometrium showed strong expression of NHE-RF in the cytoplasm
and luminal membrane of glandular epithelium as well as in scattered stromal cells (Figure
2F). NHE-RF was expressed in essentially all epithelial cells in the proliferative
endometrium samples. In contrast, there was only weak expression of NHE-RF in the

glandular epithelium of secretory endometrium and adjacent stroma (Figure 2E).

Immunohistochemistry for NHE-RF expression in primary breast tumors

Examination of sections from 18 infiltrating breast adenocarcinomas showed strong
correlation between positive immunostaining for ER and high expression of the NHE-RF
protein: ten of 11 (> 90%) of the ER-positive tumors strongly expressed NHE-RF. On the
contrary, five of seven ER-negative tumors did not express NHE-RF (Figures 2G-H,
Table 1). In those tumors that were NHE-RF immunopositive, staining was observed in
nearly all tumor cells, contrasting with the adjacent immunonegative stroma. NHE-RF
positivity was present as membranous staining, especially at the luminal aspects of cells,

and as diffuse cytoplasmic staining.
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Discussion

NHE-RF is highly expressed in epithelia of many tissues, particularly in cells with
numerous microvilli, and is often concentrated at the luminal membrane. Prominent NHE-
RF expression is seen in cells specialized in ion transport: renal proximal tubules, eccrine
glands, colonic absorptive cells, parietal cells in gastric glands and ependymal cells. These
findings support the proposed role of NHE-RF as a regulator of membrane protein
transporters, and confirm Northern blot data showing high NHE-RF mRNA levels in

human tissues containing polarized epithelia such as the mammary gland, kidney, small

intestines and salivary gland.?
The association between estrogen stimulation and NHE-RF expression in normal
endometrium and in breast carcinomas suggests that NHE-RF must be a multifunctional

protein, with additional roles to those of ion transport. Specific and early induction of

NHE-RF mRNA by estrogen has been observed in breast carcinoma cells. The present
observations extend the correlation between ER status and NHE-RF expression in breast
cancer to primary human tumors, and raise the possibility that NHE-RF may play a role in
estrogen-mediated cell growth. The proliferative effects of the estrogen are mediated
through ER, an intracellular nuclear receptor that, when bound to estrogen, is transformed
into an active transcription factor and regulates the expression of a variety of genes.
Antiestrogens may therefore be therapeutically effective in ER-positive breast cancers. ER-
negative tumors, however, are more aggressive tumors, associated with early recurrence
and poor patient survival, and do not generally respond to antiestrogen treatment.

However, about 40% of patients with ER-positive cancer do not respond to endocrine

manipulations, and about 10% of ER-negative tumors respond.13.14 The factors that lead to
the conversion of an ER-positive, responsive breast cancer into a hormone-refractory tumor
are poorly understood, and encourage further study of mechanisms of ER-mediated cell

growth.
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Estrogens induce cytoskeletal changes in ER-positive breast cancer cells that include
an increase in the number and size of microvilli,!5.16 as well as increased expression of

cytokeratins associated with the nuclear matrix-intermediate filament system.17
Interestingly, alterations of the nuclear matrix-intermediate filament system, an extensive

network that connects the plasma membrane and cytoskeleton with the nuclear membrane

and nuclear matrix, can mediate changes in gene expression.18:19 NHE-RF, an early
response gene to estrogen stimulation, may therefore play a role in the assembly of an
estrogen transduction complex by linking the actin cytoskeleton to an anchored membrane
protein. NHE-RF could bind a transduction complex via interaction with MERM proteins at
a C-terminal, non-PDZ site, and to a membrane protein via one of the PDZ domains. NHE-
RF may also be involved in cross-talk among signal transduction pathways. Several

signaling cascades, including epidermal growth factor and tyrosine kinase/MAP-kinase

pathways, are involved in estrogen signaling;20-23 such overlapping pathways may partly
explain how breast cancer cells adapt to and bypass estrogen receptors blocked by
antiestrogen therapy. It is possible that an alternative pathway for estrogen signaling in ER-
negative breast carcinomas might involve NHE-RF expression, via ER-independent
upregulation, which could explain the 30% of ER-negative tumors expressing NHE-RF in
our series.

These studies suggest that NHE-RF acts as a multifunctional protein, has potential
roles in the apical surfaces of ion transporting epithelium as well as in estrogen-mediated
growth control. The data encourage further study of NHE-RF in breast carcinomas to
increase understanding of the growth control mechanisms in these hormonally-regulated

tumors, and to develop novel means to interfere therapeutically in such growth pathways.
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Figure legends

Figure 1. Western blot analysis, using affinity eluted IC270 antibody at 1:50 dilution, of
mammary epithelial and breast cancer cell lines showing high NHE-RF expression in the
ER-positive cell lines, T-47D, ZR-75-B and MCF-7. The arrow indicates NHE-RF at 50
kDa.

Figure 2. NHE-RF expression in normal and neoplastic tissues, immunostained with
IC270 antibody. (A) NHE-RF expression in breast carcinoma cell lines: low expression in
estrogen receptor (ER) negative MCF-7-ADR (left); strong expression in ER positive
MCE-7 cells (right). (B-F) NHE-RF expression in normal tissues: (B) Strong
membranous expression of NHE-RF in proximal tubular epithelium and parietal epithelial
cells of Bowman’s capsule. (C) NHE-RF expression in apical surface of absorptive cells
in colonic glands; goblet cells are immunonegative. (D) Strong expression of NHE-RF in
luminal membrane of ducts and acini in the breast. (E) Low NHE-RF expression in
secretory endometrium, (F) High expression of NHE-RF in proliferative endometrium.
(G-H). Expression of NHE-RF in breast carcinomas. (G) High expression of NHE-RF
in ER-positive breast carcinoma. (H) ER-negative breast carcinoma immunonegative for

NHE-RF.

Table 1. NHE-RF and ER expression in 18 primary breast carcinomas. NHE-RF
immunostaining intensity: (-) = none or minimal, (++) = moderate, (+++) = intense

positivity. When positive, nearly all cells are positive.
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Tumor Sample NHE-RF THC ER status

BCl1
BC3
BC5
BC9
BC10
BCl11
BC4
BC7
BCi12
BC14
BCS8
BC6
BC15
BC2
BC13
BC16
BC17
BC18

4+

+++

+++

+++

+++

+++

++

++

++

++

++

++

POSITIVE
POSITIVE
POSITIVE
POSITIVE
POSITIVE
POSITIVE
POSITIVE
POSITIVE
POSITIVE
POSITIVE
POSITIVE

NEGATIVE

NEGATIVE

NEGATIVE

NEGATIVE

NEGATIVE

NEGATIVE

NEGATIVE
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SYNOPSIS

The neurofibromatosis 2 (NF2) protein product merlin, named for its relatedness to the gzrin,
radixin, and moesin, (ERM) family of proteins, is a tumor suppressor whose absence results in
the occurrence of multiple nervous system tumors, particularly schwannomas and meningiomas.
Merlin's similarity to ERMs suggests it may share functions, acting as a link between
cytoskeletal components and the cell membrane. The N-terminus of merlin has strong sequence
identity to the N-terminal actin-binding region of ezrin. Here, we describe in detail the merlin-
actin interaction and show that recombinant merlin isoform 1 and 2 differentially bind actin
filaments, suggesting that the intramolecular interactions in isoform 1 may hinder its ability to
bind actin. Merlin isoform 2 binds F-actin with an apparent binding constant of 3.6 uM and a
stoichiometry of 1 mole merlin per 11.5 moles of actin in filaments at saturation and does not
bind G-actin. Merlin isoform 2 and the N-terminal domain, slow actin filament disassembly
further demonstrating that merlin binds periodically along F-actin. This is further supported by
electron microscopy data, which shows merlin to be bound to cytoskeletal actin filaments.
Comparison of these findings to those reported for ERM proteins reveal a distinct role for merlin

in actin filament dynamics.

Key words: Neurofibromatosis 2, merlin, actin cytoskeleton, ERM




INTRODUCTION

Merlin, the tumor suppressor protein deficient in neurofibromatosis 2 (NF2),? has high structural
and sequence similarity to the ezrin, radixin, and moesin (ERM) family of cytoskeleton-plasma
membrane linker proteins [1]. Merlin is 63% identical to the ERM proteins at the N-terminus, a
region recently designated as the FERM (4.1 and ERM) domain [2]. In ERM proteins, the
FERM domain binds directly to the cytoplasmic domains of several integral membrane proteins
such as CD44, CD43, ICAM-1, -2, and -3 [3, 4]. In addition, these domains in merlin and ERM
proteins (MERM) bind the C-termini of the cytoplasmic adaptor protein, Na*-H" exchanger
regulatory factor, NHE-RF [5, 6], and its related family member NHE-RF2 [7]. The interaction
of NHE-RF and NHE-RF2, via their PDZ doma.ins, with multiple ion channels and receptors,
may potentially associate the MERM proteins to the Na*/H* exchanger type 3, B,-adrenergic
receptor, purinergic P2Y1 receptor, cystic fibrosis transmembrane conductance regulator, the
Na*/HCO; cotransporter and the vacuolar proton pump H*-ATPase [7-13].

In MERM proteins, the FERM domain is followed by an extended o-helical region and a
charged C-terminus, although merlin maintains only 21 and 35% sequence similarity to each
region, respectively, with the ERM proteins [2]. Moreover, unlike the ERM proteins, merlin
exists as two major isoforms distinguished by alternative C-termini. Merlin isoform 1 is a 595
amino acid protein, derived from 16 constitutive exons, 1-15 and 17, while isoform 2 is a 590
amino acid protein resulting from the alternatively-spliced exon 16, replacing 16 C-terminal
amino acids with 11 novel residues [1]. The C-termini of both isoforms of merlin were shown to
bind BII-spectrin, with isoform 2 binding more effectively [14].

In view of the multiple ligands identified for ERM proteins, it has been proposed that the

ability to homo- and heterotypically associate with each other may regulate their activities [3, 4].




The intra- or intermolecular interaction of specific N- and C-ERM association domains
(ERMAD:) results in folded (“closed”) and inactive ERM proteins due to the masking of their
N- and C-terminal ligand binding sites [3, 4]. Merlin isoform 1, likewise is capable of these
“head-to-tail” interactions, such that its N-terminus can associate with the C-termini of both
isoform 1 as well as moesin, but not with the C-terminus of isoform 2. Therefore, merlin
isoform 2 appears to exist in a constitutively “open” or active conformation due to its exposed
ligand binding sites [15-18]. Phosphorylation and/or phosphatidylinositol 4,5-bisphosphate
(PIP,) binding appear to disrupt these intra- and intermolecular interactions, exposing the N- and
C-terminal binding sites and, thereby, activating their respective plasma membrane-cytoskeletal
cross-linking functions [4, 15, 19]

The C-termini of both ezrin and moesin bind directly to actin in vitro via a conserved actin-
binding site contained in the last 34 amino acids [20-23]. Merlin lacks this domain owing to its
partially divergent C-terminal sequence. Despite the lack of a conserved C-terminal actin
binding domain, merlin localizes to actin-rich structures in cultured cells [24-27] and associates
with the detergent-insoluble cytoskeletal fraction of cell lysates [26, 28, 29]. Recently, in vitro
binding studies in ezrin revealed two additional actin binding sites at the N-terminus, aa 13-30
and aa 281-310, which bind F- and both F- and G-actin, respectively [30-32]. This actin binding
region is highly conserved in merlin and the ability of merlin to bind actin through this domain
was reported, although the influence of the interdomain self-association of merlin isoform 1 on
actin binding was not addressed [33]. Another study did not observe this binding site in merlin
isoform1 by '®I-labeled F-actin blot overlays [18].

This study was undertaken to characterize in-depth merlin’s association with actin,

incorporating isoform specificity as well as quantitative and functional analyses. Using standard




cosedimentation and solid-phase binding assays we show that merlin’s ability to self-interact in
an isoform specific fashion alters its ability to bind actin and that the binding affinity for actin is
distinct from that determined for ezrin. Pyrene-labeled actin disassembly assays provide
evidence that merlin isoform 2 stabilizes actin filaments by binding to their sides and slowing
actin disassembly. These results offer a more complete understanding of merlin’s normal role as
a cytoskeleton-associated membrane organizing protein which ultimately may aid in revealing

how disruption of this function results in the loss of merlin’s tumor suppressing capacity.

MATERIALS AND METHODS

Materials and antibodies

Actin isoforms were detected by Western blot analyses with a mouse monoclonal actin antibody
(Sigma) and the glutathione-S-transferase (GST) protein was detected with monoclonal anti-GST
(Santa Cruz Biotechnology). Merlin was detected using affinity-eluted rabbit polyclonal
antibody N21 while electron microscopy implemented the mouse monoclonal antibody 1C4.
These antibodies recognize both isoforms of merlin [24]. Purified actin was isolated from rabbit
skeletal muscle (a-actin) and rabbit brain (B4-actin) as previously described [34]. All in vitro
experiments were conducted using purified rabbit skeletal muscle a-actin unless otherwise
specified. Monomeric pyrene-labeled rabbit skeletal muscle o-actin was prepared as described

previously [34].

Preparation of recombinant merlin proteins
Human merlin full-length and truncated fusion proteins were expressed and purified from

Escherichia coli [24]. Merlin deletion constructs with amino acids (aa) 1-332, 1-345, 340-595




and full-length isoform 1 (aa 1-595), and isoform 2 (aa 1-590) were expressed as glutathione S-
transferase (GST) fusion proteins in pGEX2T. GST-fusion proteins were purified using
Glutathione (GSH)-Sepharose 4B (Pharmacia) as previously described [24]. For assays where
the GST moiety was removed, fusion proteins were treated with bovine thrombin (Sigma) for 2 h

at room temperature.

Actin cosedimentation

All samples were precleared by centrifuging at 200,000 g (TLA 100 rotor; Beckman Instruments)
for 20 min at 4°C. F-actin (« or B%), polymerized at 40 uM in Buffer B (10 mM HEPES, 100
mM KCl, 2 mM MgCl,, 0.1 mM EGTA, 0.5 mM DTT, 0.5 mM ATP, pH 7.0)[34] for 30 min at
37°C, was added to variable concentrations of merlin full-length or deletion constructs (0.05-3.0
uM) to a final concentration of 4 uM. Samples were incubated for 30 min at room temperature
prior to centrifuging at 200,000 g for 20 min. Supernatant and pelleted samples were adjusted to
150 pl in SDS-PAGE sample buffer. Equal volumes of supernatant and pelleted samples, in the
presence and absence of F-actin, were analyzed by 10% SDS-polyacrylamide gel electrophoresis
(PAGE), and transferred electrophoretically to nitrocellulose membranes (Bio-Rad). The
integrity of F-actin in pelleted samples was visualized using 0.2% Ponceau-S treated filters.
Filters were immunoblotted with the N21 merlin antibody (1:100) and proteins were visualized
using horseradish peroxidase (HRP)-conjugated secondary antibodies and the enhanced
chemiluminescence (ECL) SuperSignal detection systems (Pierce). Assays were conducted in
parallel in the absence of F-actin (self-pelleting) and standards for each concentration were run

on separate gels in order to quantitate the value of total protein added (standard curves).




Quantitation of merlin-actin binding

The relative protein values used to determine the stoichiometry of merlin-to-actin binding were
obtained from Western blots of sedimenting merlin, +/- actin, and known quantities of merlin, by
scanning autoradiographs and immunoblots directly using the Flour-S Multiimager Analyzer
(Biorad). The value of merlin full-length isoform 2 and N-terminal construct 1-332 binding to
actin was obtained by calculating the difference between the values of pelleted merlin in the
presence and absence of F-actin. These values were converted to molar concentrations based on
the standard curve for each known merlin concentration. Actin saturation was determined by
comparing the amount of merlin added to the amount of merlin bound. Linear transformation of
these plots (Scatchard plot) provided a K, and a stoichiometric molar ratio of merlin-to-actin

binding. These data are representative of three independent sedimentation assays.

Solid-phase binding assays

GST-cleaved merlin isoforms 1 and 2, as well as N- and C-terminal deletion constructs, were
assayed for F- and G-actin binding using a solid-phase protein-protein binding assay essentially
as described [31]. Constant (2 uM) or titrated (0.5, 1, and 2 uM) recombinant merlin constructs
or controls (BSA or GST) were coated in 96-well microtiter plates (Nunc) in 75 ul Buffer B (F-
actin promoting buffer) at 37°C overnight. Wells were rinsed and residual-binding sites blocked
in 2% BSA/coating buffer. After rinsing wells with the appropriate F- or G-actin buffer (Buffer
A: 2 mM HEPES, 0.2 mM MgCl,, 0.2 mM CaCl,, 0.5 mM DTT, 0.5 mM ATP, pH 7.0), F- or
G-actin (5 uM and 50nM, respectively) was added to each merlin-coated well for 1 h at room
temperature. Wells were rinsed and protein complexes were eluted by adding 50 ut SDS-PAGE

sample buffer to each well for 20 min at 65°C. Samples were resolved by SDS-PAGE,




transferred to nitrocellulose and immunoblotted using appropriate merlin or actin antibodies and

detected using HRP-conjugated secondary antibodies and ECL detection systems (Amersham).

G-actin pull-down assays

GST pull-down assays were performed as described by Rohatghi et al., 1999 [35] with minor
modifications. Equal amounts of GST-fusion proteins were immobilized on GSH-sepharose
beads (Pharmacia) at a concentration of approximately 5 mg/ml packed beads. G-actin was
thawed and precleared at 120,000 g to remove any polymerized actin. Approximately 5-10 pl of
beads in 100 ul XB (10 mM HEPES, pH 7.6, 100 mM KCl, 1 mM MgCl,, 0.1 mM EDTA, 1 mM
DTT) plus 0.1% (v/v) Tween-20, 0.2 mM ATP, and 0.5 mg/ml ovalbumin, were incubated with
0.05 uM G-actin, a concentration below the barbed-end critical concentration. After gentle
tumbling for 1 h at 4°C, the beads were washed two times in 100 x4l XB plus 0.1% (v/v) Tween-
20 and 0.2 mM ATP. Proteins bound to the beads were eluted with SDS-PAGE sample buffer,
resolved on a 10% Tris-HCI minigel (Bio-Rad) and immunoblotted with a monoclonal actin
antibody. Purified NWIP (N-terminal WASP-interacting protein) was kindly provided by Dr. N.

Ramesh of Children's Hospital, Boston, MA.

Fluorescent measurement of actin assembly/disassembly

The effect of full-length isoform 2 and N-terminal merlin 1-332 on the rate and extent of pyrene-
labeled rabbit skeletal muscle actin was determined [34]. For actin polymerization assays,
monomeric pyrene-labeled a-actin was polymerized to a final concentration of 1.5 uM in the
presence or absence of either 0.03-1.5 yM GST-merlin isoform 2, N-terminal 1-332 or GST

(control) proteins in Buffer B. For depolymerization assays, pyrene-labeled F-actin, at a




concentration of 10 M, was diluted to 0.2 uM in the presence or absence of 0.004-0.2 uM
merlin proteins in Buffer A [36]. The increase or decrease in the rate of fluorescence was
monitored in a Perkin-Elmer model LS-50 fluorimeter using 366 and 386 nm as the excitation
and emission wavelengths, respectively, over approximately 10 minutes. The final fluorescent

readings for each sample were obtained at a single time point on the following day.

Electron microscopy

Immunogold labeling was conducted using the merlin monoclonal antibody, 1C4, on Triton X-
100 permeabilized meningioma cells. Meningioma cells were plated on coverslips and
permeabilized using PHEM-0.75% Triton X-100 buffer [34] containing 5 uM phallacidin and
protease inhibitors for 2 min. Soluble proteins were removed using a PHEM buffer wash. Before
labeling glass-adherent cytoskeletons with the anti-merlin IgG, residual fixative was blocked
with 0.1% sodium borohydride in PHEM buffer and the coverslips containing the cytoskeletons
were washed twice in PBS and twice in PBS containing 1% BSA, pH 8.2. Coverslips were
covered with 25 ul of primary antibodies at a final concentration of 10ug/ml, incubated for 1 h at
25°C, and washed three times with PBS/BSA. Coverslips were then incubated for 1.5 h with a
1:20 dilution of goat anti-mouse IgG-coated 10 nm colloidal gold particles, washed three times
in PBS/BSA and three times in PBS, and fixed with 1% glutaraldehyde in PHEM Buffer for 10
min. Fixed specimens were washed extensively with distilled water, rapidly frozen, freeze-dried,
and rotary-coated with 1.2 nm of tantalum-tungsten at 45° and 3.0 mm of carbon at 90° without
rotation as previously described [37]. Cytoskeletons were examined and photographed in a
JEOL 1200-EX electron microscope using a 100 kV accelerating voltage. No gold-labeling was

found when primary IgG was omitted or when preimmune IgG was used as a control.




RESULTS

Cosedimentation of merlin with actin filaments
Using F-actin cosedimentation assays, we examined the ability of recombinant merlin isoforms
as well as N- and C-terminal deletion constructs to bind F-actin. Variable concentrations of
GST-merlin fusion proteins were incubated with a constant amount of polymerized F-actin,
followed by high-speed centrifugation to pellet F-actin. Equal volumes of pelleted and
supernatant material were solubilized in SDS-PAGE sample buffer and analyzed by Western
blotting. Because ERM and merlin proteins characteristically aggregate and self-pellet [38],
control assays were conducted in the absence of F-actin. Our results indicate that the merlin N-
terminal segment, encompassing amino acids 1-332, and the alternatively-spliced full-length
isoform 2, bind F-actin in a dose-dependent manner, while results for merlin full-length isoform
1 binding to F-actin was indeterminate (Figure 1). Merlin also binds to f4-F-actin in
cosedimentation assays performed with the N-terminus. Although a significant increase in
merlin N-terminus and isoform 2 pelleting is demonstrated in the presence of actin as compared
to pelleting in the absence of actin (self-pelleting), isoform 1 pelleting in the presence and
absence of actin is almost indistinguishable. Similarly, we were unable to demonstrate actin
binding activity using the merlin isoform 1 C-terminal segment, spanning amino acids 340-595,
in cosedimentation assays due to the comparable levels of pelleted protein in the absence of actin
(data not shown).

The interaction of merlin isoform 2 to actin was quantified using data from F-actin
cosedimentation assays. We show that as increasing. concentrations of GST-merlin isoform 2
(0.05-3.0 uM) are added to a constant concentration of F-actin (4 uM), the proportion of merlin

sedimenting with the F-actin pellet increased until it saturated at ~ 2 uM of total merlin added

10




(Figure 2). Merlin sedimenting in the presence and absence of actin was quantified, and the
difference compared to total merlin added was regarded as specifically bound. Scatchard
analyses of these data provided a K, of 3.6 + 1.7 uM for merlin isoform 2 to actin binding and a
saturated stoichiometric molar ratio of 1:11.5 (merlin:actin).

Previous reports have suggested that the presence of N-terminal tags on fusion proteins
hinders the ability of recombinant ERM proteins to bind actin [31, 32, 39]. Although our results
indicate that full-length isoform 2 and the N-terminal 1-332 GST-fusion proteins bind F-actin
efficiently, we examined whether the inability of merlin isoform 1 to bind F-actin in
cosedimentation assays were related to the presence of the GST tag. GST-cleaved merlin
isoform 1 also does not demonstrate F-actin binding by cosedimentation assays. Likewise, we
did not observe a significant difference in merlin N-terminus and isoform 2 binding to actin in
the absence of GST (data not shown). Multiple cosedimentation assays consistently showed that

merlin in the presence or absence of GST behaved similarly.

Merlin isoform 1 binds actin less effectively than the free N-terminus

To further examine if merlin isoform 1 is capable of binding F-actin, a solid-phase protein-
protein binding assay was employed as an alternative approach [31]. This method, which was
used to demonstrate the existence of the middle ezrin F- and G-actin binding sites, alleviates the
aggregation problem of merlin. Titrated amounts of GST-merlin fusion proteins were coated in
96-well microtiter plates and incubated with constant amounts of F- or G-actin. Bound proteins
were eluted in SDS-PAGE sample buffer and analyzed by immunoblotting. The results show
that merlin isoform 1 binds F-actin, although less effectively than the N-terminus (Figures 3A,

B). Similarly, merlin isoform 2 bound F-actin more effectively compared to isoform 1 in this
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assay (data not shown). The C-terminus of isoform 1 (aa 340-595) failed to bind F-actin, and the

BSA coated surface showed no F-actin binding (Figure 3B).

Merlin does not bind G-actin

One advantage of the solid-phase binding assay is that it can be used to detect binding of
monomeric actin. Although a distinct G-actin binding site has been identified in the ezrin middle
region (aa 281-310) [31, 32], we were unable to detect G-actin binding to merlin (data not
shown). Concurrent with solid-phase binding assays, GST pull-down assays were performed as
an alternative approach to examine merlin’s ability to bind G-actin in vitro [35]. In these studies,
equal amounts of GST-merlin fusion proteins were immobilized on GSH-sepharose beads and
incubated with G-actin at a concentration of 0.05 uM (below the critical concentration). Bound
proteins were resolved by SDS-PAGE and detected by Western blotting. As shown in Figure 4,
GST pull-down assays did not reveal G-actin binding to merlin, confirming the results of the
solid-phase binding assay. As controls, the G-actin binding protein, Wiscott Aldrich Syndrome

interacting protein (WIP), bound G-actin strongly, while GST-Cdc42 and GST did not.

Merlin slows actin filament disassembly

To assess the role of merlin in actin filament dynamics, actin polymerization and
depolymerization assays were conducted multiple times. Pyrene-labeled G-actin was
polymerized to 1.5 uM by the addition of KC1 and MgCl, to 0.1 M and 2 mM, respectively, in
the presence of increasing amounts of GST-merlin fusion protein isoform 2, N-terminal 1-332 or
GST (0.03-1.5 uM). We did not detect any alteration in the rate of actin polymerization in the

presence of merlin indicating that merlin does not nucleate actin assembly (data not shown).
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Next, to determine the kinetics of actin disassembly, pyrene F-actin (10 uM) was diluted to
0.2 uM in the absence or presence of GST-merlin isoform 2, N-terminal 1-332 or GST (control)
at concentrations ranging from 0.002-1.0 uM. F-actin alone, as expected, rapidly disassembled
upon dilution. Addition of either merlin isoform 2 or the N-terminus consistently slowed the
rate of actin depolymerization in a dose-dependent manner (Figure 5). This, and the binding
data, suggest that merlin may be binding to the sides of the actin filaments thereby stabilizing
their lengths. Fluorescent readings taken at extended time-points indicated merlin prevents the
disassembly of filaments. This data is further supported by the cytoskeletal localization of
merlin by immunoelectron microscopy (Figure 6). Immunogold staining shows that merlin
resides on cortical actin filaments, particularly near their ends where filaments intersect one
another. This distribution suggests that merlin is targeted to these cytoskeletal locations by both

its actin binding and membrane protein binding properties.

DISCUSSION

Merlin, as a tumor suppressor protein, represents a distinct member of the ERM protein family.
Merlin differs from the ERM family members in being expressed as two major isoforms having
alternate C-termini. Similar to ERM proteins, both endogenous and exogenous merlin in
cultured cells concentrate in cell surface structures, such as membrane ruffles, microvilli and
filopodia, where actin filaments associate with plasma membranes [24, 27]. A high affinity F-
actin binding site present in the last 34 amino acids of ERM proteins is not conserved in merlin
isoforms [1]. This is consistent with the observation that the C-terminal half of either merlin
isoform, when expressed in cell culture, is not associated with stress fibers [25]. Recent studies

document two actin binding domains within the N-terminal and middle regions of the ERM
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proteins, which bind to F-actin and F-and G-actin, respectively [30, 31]. Compared to ERM
proteins, merlin binding to actin is not well characterized. Blot overlay experiments performed
with ®I-labelled F-actin and merlin isoform 1 revealed no detectable bindiﬁg to F-actin [18].
Actin cosedimentation assays performed with in vitro transcribed and translated products of
merlin isoforms revealed binding to F-actin via the N-terminus with no difference in the ability
of both isoforms to bind F-actin [33]. The actin cytoskeleton mediates a variety of dynamic
functions including maintaining cell shape and regulating cell polarity, motility and division.
Changes in the actin cytoskeleton of transformed cells, the role of adherence in transformation
and metastasis, and the ability of some transforming genes to affect primarily cytoskeletal
proteins, emphasize the significance of the actin cytoskeleton in cancer [40]. Defining merlin’s
normal function as a cytoskeleton-membrane linker protein and its role in actin assembly may be
critical for understanding the basis for NF2 and NF2-related tumors. Toward this goal, we
undertook a detailed biochemical characterization of the merlin-actin interaction and demonstrate
differences between the two major merlin isoforms as well as between merlin and the ERM
proteins.

While sharing several properties with ERM proteins, merlin differs from these proteins in its
mode of interaction with the actin cytoskeleton. Subcellular distribution of merlin using
detergent extraction methods demonstrates that merlin is recovered exclusively in the
insoluble/cytoskeletal-associated fraction of cells [29, our unpublished data], differing from
ERM proteins which distribute similarly to both the soluble and insoluble fractions [23, 28].
Employing actin cosedimentation assays, we demonstrate that the free N-terminus of merlin and
full-length merlin isoform 2 are capable of binding to actin through a N-terminal actin-binding

region that was identified in ezrin [31]. Furthermore, we show that merlin isoform 2 to actin
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binding is saturable with a dissociation constant of ~ 3.6 uM and a stoichiometric association of
12 actin molecules bound per merlin molecule. Other studies have shown that ezrin binds to
actin in a saturable manner with a molar ratio of about 1:10 (ezrin:actin) and with dissociation
constants which vary from ~50nM to 500nM [31, 41]. Another recent study elegantly
demonstrates that phosphorylated moesin interacts with F-actin with a relatively high affinity
(K,~1.5 nM) and a maximum stoichiometry of 1:1 [23]. Thus, merlin appears to bind actin with
a lower affinity than reported for ERM proteins. By cosedimentation assays, we were unable to
observe merlin isoform 1 binding to actin, which is contrary to a previously published report
[33]. However, we do show that merlin isoform 1 binds actin using the solid-phase binding
assay, although to a lesser extent as compared to the free N-terminus. Unlike ezrin, which binds
both F- and G-actin [31], merlin does not demonstrate G-actin binding under the same assay
conditions.

Merlin’s influence on the kinetics of actin disassembly differs from ezrin, which has been
reported to promote pyrene-labeled actin assembly, with predominant effects on filament
elongation of B-actin [41]. Merlin has no effect on actin polymerization, but is able to inhibit
actin depolymerization in a dose-dependent manner. This observation indicates that the
stabilizing effect is not due to capping of the ends of actin filaments, and suggests that merlin
probably stabilizes F-actin through a lateral association. The latter possibility is further
supported by electron microscopy data, which illustrate merlin residing along filament lengths,
most highly concentrated at cortical actin-rich regions. Among the ERM proteins, radixin is
shown to exhibit actin barbed-end binding activity, while moesin and ezrin appear to bind to the

sides of the filaments [4, 22, 41-43].
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PIP, binding and phosphorylation of a specific C-terminal threonine (Thr) residue of ERM
proteins are known to generate and/or maintain the open conformation of the ERM proteins,
allowing them to interact with their membrane partners [3, 4, 38]. However, phosphorylation of
this Thr residue did not affect their ability to bind actin [38]. Interestingly, the regulation of the
ERM-actin interaction has been established by a recent study which clearly demonstrates that in
the presence of 0.1% Triton X-100, both PIP, and phosphorylation at Thr586 activates the high
affinity F-actin binding site present at the C-terminus of platelet moesin [23]. We have observed
that merlin isoform 1 binds F-actin less effectively than isoform 2, which could be explained by
its interdomain self-association that masks the actin binding site in isoform 1. Our recent study
documents that the in vitro interaction of merlin isoform 1 with its ligand NHE-RF is increased
in the presence of PIP, [15]. However, our attempts to observe an increase in actin binding of
recombinant merlin isoform 1 in the presence of Triton X-100 and PIP, was not successful by
either cosedimentation or solid-phase binding assays (data not shown). It is possible that in
addition to PIP,, phosphorylation of a critical residue in merlin may be important for merlin
isoform 1 to effectively bind actin. While, merlin is reported to be phosphorylated on
serine/threonine residues [44, 45], the identity of the specific residues involved has not been
defined. The critical Thr residue important for maintaining the active conformation of the ERM
proteins is conserved in both isoforms of merlin, thus warranting further studies to determine if
phosphorylation at this site is essential for the merlin isoform 1 interaction with the actin
cytoskeleton.

Mutational analyses of both germline and somatic alterations in the NF2 gene revealed a
wide variety of inactivating mutations, the majority of which are predicted to truncate the

protein. Interestingly, no mutations have been reported in either exon 16 or exon 17 implying
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that both merlin isoforms may be necessary for tumor suppressor function [1]. Structure-
function analyses performed with naturally occurring NF2 mutations reveal a significant increase
in detergent solubility of mutant merlin compared to wild type, indicating a decreased ability of
mutant merlin to interact with the cytoskeleton. Localization studies further demonstrated that
many of the mutants likely to impair tumor suppressor activity of merlin failed to maintain a
stable interaction with actin [29, 46]. Merlin isoform 2 due to its 'open' state is able to interact
more effectively with NHE-RF and the actin cytoskeleton than merlin isoform 1 where the
equivalent sites are masked in the ‘closed' state. NHE-RF links merlin isoforms to various ion
channels and receptors that provide new possibilities for effects on intracellular signaling.
Merlin isoform 2 in its constitutive active state is likely to have more effects on intracellular
signaling mediated either through NHE-RF or other partners and thus may have a distinct role
compared to merlin isoform 1.

The key players controlling actin cytoskeletal organization are the Rho-GTPase family
members, Rho, Rac and Cdc42. They are believed to act as molecular switches regulating signal
transduction pathways that link membrane receptors to the cytoskeleton [47, 48]. The N-
terminal halves of the ERM proteins bind to the RhoGDP dissociation inhibitor (RhoGDI),
releasing bound GDP-Rho from RhoGD], and initiating the activation of Rho family members
[49]. Rho-kinase, a downstream target of active Rho can phosphorylate ERM proteins in vitro,
stabilizing the active state of these proteins [38]. Thus, ERM proteins are clearly implicated in
the Rho-GTPase signaling pathway. Based on the N-terminal sequence similarity of merlin with
the ERM family members, the ability of merlin's N-terminus to bind RhoGDI was tested and
found to bind RhoGDI [28]. Merlin's role in the small Rho-GTPase signaling cascade is not yet

defined. By acting as a linker connecting plasma membrane proteins to the actin cytoskeleton,
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merlin is likely to be an active player in this signaling cascade leading to actin reorganization,

the disruption of which may lead to NF2 related tumors.
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Abbreviations used: NF2, neurofibromatosis 2; NHE-RF, regulatory cofactor of Na*-H*
exchanger; PIP,, phosphatidylinositol 4,5-bisphosphate; GST, glutathione S-transferase; aa,
amino acid(s); GSH, glutathione; PAGE, polyacrylamide gel electrophoresis; MERM, merlin

and ERM proteins; FERM, 4.1 and ERM proteins.
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FIGURE LEGENDS

Figure 1 Actin cosedimentation with GST-merlin fusion constructs GST-merlin N-
terminus 1-332, full-length isoform 1 (aa 1-595) or isoform 2 (aa 1-590), at concentrations
ranging from 0.1-3.0 uM, were incubated with and without 4 uM F-actin and subjected to high-
speed centrifugation at 200,000 g to pellet F-actin. Pelleted proteins were resuspended in SDS-
PAGE sample buffer, separated on a 10% SDS-PAGE and transferred to nitrocellulose for
immunoblot detection of merlin using the N21 antibody. GST control samples did not pellet in
the absence or presence of F-actin (data not shown). The integrity of the F-actin in the pellet was
visualized by Ponceau S staining of the nitrocellulose. Each assay is representative of three

separate experiments for each merlin construct.

Figure 2 Saturation and Scatchard analyses of GST-merlin isoform 2 Variable
concentrations of GST-merlin isoform 2 (0.05-3.0 uM) were incubated with a constant
concentration of F-actin and assayed as described in Figure 2. Merlin cosedimenting with F-
actin was quantified by Scanning Flour-S Analysis of immunoblots after subtracting values
obtained from self-pelleting (- actin) and compared to total merlin added at each concentration.
GST-merlin isoform 2 saturates actin at approximately 2 uM total merlin added. Linear
transformation (Scatchard plot) provides a K, of 3.6 + 1.7 uM with ~12 actin molecules bound
per molecule of merlin isoform 2. These data are the mean + S.D. of three separate
measurements.

Figure 3 Solid-phase protein-protein binding assay (A) The interaction of GST-
cleaved merlin isoform 1 and F-actin were examined by coating titrated-merlin concentrations

onto 96-well microtiter plates and overlaying with a constant concentration of F-actin (5 uM).
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Unbound proteins were washed and merlin-to-actin-binding was determined after eluting bound
proteins with SDS-PAGE sample buffer, separating by SDS-PAGE and Western blotting using
merlin N21 and actin antibodies. (B) A constant concentration of GST-cleaved merlin isoform 1,
N-terminus 1-332 and C-terminus 340-595 (2 uM) were coated on microtiter plates and
examined for F-actin binding. BSA (2 uM) was coated as a control for non-specific F-actin

binding. Reproducible results were obtained in five independent binding assays.

Figure 4 G-actin affinity pull-down assay GST-merlin fusion proteins were
immobilized on GSH-sepharose beads and tested for their ability to pull down G-actin in vitro.
The presence of G-actin binding to merlin-GSH sepharose was assayed by immunoblotting using
an actin specific antibody. The N-terminus of WIP was used as a positive control for G-actin
binding. Purified actin was added to the final lane as an actin antibody control. These assays

were performed three times with similar results.

Figure 5 Merlin slows F-actin disassembly in pyrene-labeled assay Pyrene F-actin (10
uM), in the presence or absence of various concentrations of GST-merlin fusion proteins (0.004-
0.2 uM), was diluted to 0.2 uM using monomer buffer and the decrease in fluorescence intensity
was followed over time. Shown is a representative disassembly assay performed at least five

times.

Figure 6 Localization of merlin in the cortex of a meningioma cell determined in the

electron microscope Merlin was detected in the Triton X-100 insoluble cytoskeleton from a

meningioma cell using the merlin-specific monoclonal antibody 1C4 followed by 10 nm
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colloidal gold particles conjugated to goat anti-mouse IgG. Immunogold-labeled specimens
were photographed after rapid-freezing, freeze-drying, and tantalum-tungsten and carbon-coating
in a JEOL 1200-EX electron microscope. Gold particles of merlin on the cytoskeleton are
highlighted in gold using Adobe PhotoShop software to add the color to the micrograph. Bar,

100 nm.
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